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Abstract 
This thesis describes the development of a new method to confer degradability to 
water soluble polymers already used in the oil servicing industry. Generally, high 
molecular weight polymers with a C–C backbone, like vinyl polymers, tend to be 
resistant to hydrolysis, oxidative cleavage, enzymatic attack, etc., and therefore they 
are not degradable, whereas hetero-atom-containing polymer backbones like esters, 
carbonates, amides, anhydrides, phosphazenes, etc. confer degradability. 
Redox polymerisation was chosen to introduce labile links into the hydrocarbon 
backbone of vinyl polymers. A variety of reducing agents that could be chosen 
provides a platform of polymers that can degrade upon experiencing different 
triggers. A redox pair consisting of reducing agents such as triblock copolymer 
poly(lactic acid)-b-poly(ethylene glycol)-b-poly(lactic aicd), polycaprolactone diol, 
2,2'-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] and L-cystine and oxidising 
ceric (IV) ions were used to initiate redox polymerisation of acrylamide,  
N,N-diamethylacrylamide and 2-acrylamido-2-methylpropanesulfonic acid. The 
presence of degradable groups in the polymer backbone was studied using FT-IR, 
NMR and DSC. The degradation behaviour of the synthesised polymers was 
investigated by GPC. The polymer degradation was triggered in different ways 
dependent on the labile group which was incorporated into the polymer backbone. 
Drag reduction properties were quantified using a standard rheometer equipped with 
a double-gap measuring geometry, by calculating percentage of drag reduction 
(%DR) based on apparent viscosity. 
From the obtained results it is clear that redox reaction between a reducing agent and 
oxidising metal ion can be used to initiate polymerisation of vinyl monomers, 
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nevertheless not all the systems proved to be equally successful. It was found that 
using a water soluble and hydrolytically stable reducing agent containing azo 
functionalities gave the best results and multiple labile groups were incorporated into 
the polymer backbone. Polyacrylamide with azo-links in the backbone proved to be 
as good drag reducing agent as polyacrylamide synthesised by initiation from the 
poly(ethylene glycol)/Ce(IV) redox couple, however it lost its drag reduction 
properties once subjected to elevated temperatures.  
From the carried out studies it seems that triblock copolymer poly(lactic acid)-b-
poly(ethylene glycol)-b-poly(lactic acid) is not an appropriate reducing agent due to 
its low stability in water at low pH. H1-NMR spectra show that the reducing agent 
degrades during the course of the polymerisation and hence cannot be used in 
aqueous environment to incorporate degradable groups into the polymer.  
In order to use a more stable but hydrophobic polyester - polycaprolactone diol, 
micellar polymerisation was utilised. The results showed that using redox 
polymerisation amphiphilic copolymers can be obtained. It was confirmed not only 
by H1-NMR, FT-IR and DSC, but also by the fact that hexane/water emulsions could 
be stabilised by acrylamide initiated from polycaprolactone diol. 
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addition of a drag reducing agent with the same flow rate of 
the pure fluid 
Δps   Pressure drop across given length of a pipe for the pure fluid 
solutiont    Efflux time of the polymer solution and  
solventt     Efflux time of the solvent 
ρ    Density of the fluid 
Re   Reynolds number 
[VA-086] Content of 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) 
propionamide] in polyacrylamide backbone 
Wm   Weight of the monomers used in polymerisation 
Wp   Weight of the precipitated product
 
Wr   Weight of the reducing agent used in polymerisation 
Y   Yield of the polymerisation 
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Introduction 
It is known that increase in economic growth goes hand in hand with an increase in 
energy demand. Since oil and gas are one of the most important energy sources and 
very important as raw material for the chemical industry, production of oil and gas 
needs to be increased to keep up with the energy demand. Based on observations by 
Hubbert [1] extraction of finite resources, such as hydrocarbons, follows a bell-shape 
peak, which reaches a maximum when about half of the resources are gone. 
According to Campbell-Laherrere [2] estimations the production of oil soon will be 
unable to keep up with the demand, hence the inevitability of the transition from 
conventional to unconventional oil and gas resources. Traditionally oil recovery can 
be divided in three main stages. The first is called primary recovery where oil is 
produced by the reservoir’s natural drive due to differences in pressure between the 
reservoir and the surface. Secondary recovery is used when the production rate of the 
oil needs to be maintained. This can be done by pumping or by injecting either water 
or gas into the reservoir to retain the pressure difference [3]. Tertiary recovery, also 
called enhanced oil recovery, goes beyond water or gas flooding and may involve 
steam, chemicals or miscible gases to extract more oil [4]. Since the era of the cheap 
oil came to the end, there is a huge scope for enhancing the production rate and the 
lifetime of an oil reservoir through new technological approaches. 
On average the worldwide recovery factor is around 35%, however in some cases 
even as little as 5% of hydrocarbons is recovered from a reservoir [5, 6]. In case of 
low permeability hydrocarbon bearing formations, such as shale, even when 
containing large quantities of gas or oil, a well is not able to produce hydrocarbons at 
commercially attractive rates [7]. Hydraulic fracturing is commonly used to boost oil 
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or gas recovery in low permeable formations [8]. A typical order of operation to 
create a hydraulic fracture follows a few major steps; first a borehole is drilled into 
the oil or gas-bearing formation, followed by installation of a pipe and then casing. 
When the borehole is sealed off, a pressurised fluid is injected until the rock 
formation fractures. It is followed by pumping large quantities of a fracturing fluid in 
order to extend the fracture (Fig. 1) [9].  
 
 
 
 
 
 
Fig. 1 Stages of hydraulic fracturing: 1. drilling 2. casing 3. creating fracture  
4. extending a fracture 
 
High molecular weight polymers are well known for their drag reducing  
properties [10]. They can be utilised in hydraulic fracturing processes, mainly water 
fracturing, to reduce frictional drag in a turbulent flow which leads to reduction of 
the pressure drop required to pump a fluid through the pipe, therefore allowing to 
increase the flow rate at a given pressure. An increased flow rate allows to drive the 
fracture further. A birds-eye view down a horizontal well with a flow restricted to  
a radial geometry and a flow pattern after hydraulic fracturing is illustrated in Fig. 2 
and 3, respectively. It can be observed that the drainage area after hydraulic 
fracturing increases which can lead to increase of the production rate [7]. 
 
1
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Fig. 2 Birds-eye view down a horizontal well with a flow restricted to radial 
geometry 
 
 
 
 
 
Fig. 3 Birds-eye view down a horizontal well with a flow after hydraulic fracturing 
 
However, the problem associated with the use of synthetic polymers is that they 
generally are stable in the environment, and thus, may be retained in water or in the 
ground for many years [11]. This is a particularly troublesome aspect of using such 
polymers in subterranean applications. Adsorption and accumulation of such 
polymers on mineral surfaces within the formation can lead to the entrapment and 
formation of undesirable deposits within the formation, which can negatively impact 
the permeability and conductivity of the formation [12, 13]. Using polymers, 
especially in low permeability formations, often needs to be followed by an 
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expensive clean-up. For these applications, the availability of water soluble polymers 
containing weak links that can be degraded upon experiencing a trigger such as 
temperature, pH or reducing agent, would be very advantageous. Due to the ability of 
weak links to degrade under certain conditions, the polymer could be used for its 
intended application and then afterwards degraded in a controlled and predetermined 
manner. The resulting lower molecular weight fractions of that polymer lead to a 
reduced viscosity, quick partitioning into the water phase and are also less likely 
adsorb onto formation surfaces. 
 
Objectives 
The main aim of this research was to devise a method to synthesise high molecular 
weight water soluble polymers that can degrade under specific conditions, such as 
pH, temperature or using reducing agents. Degradation of the long polymer chain 
into smaller fraction is illustrated in Fig. 4.  
 
Fig. 4 Schematic of the degradation of vinyl polymer containing labile groups 
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Given that the synthesised polymers should find application as drag reducing agents 
or viscosifiers, they are expected to have a very high molecular weight starting from 
500 kDa and a flexible backbone. Due to the industrial relevance of this project and 
the large volumes of a prospective polymer to be potentially used, e.g., during 
hydraulic fracturing, it was desirable to identify a polymerisation method which 
would be fast, cheap and reliable. The obtained polymers should be useful for the 
desired purposes (i.e. drag reduction) and then degrade in a predetermined way to 
obtain lower molecular weight fractions allowing an efficient and easy clean up. 
The approach taken to solve this problem was to modify polyacrylamide which is a 
well-known and inexpensive synthetic polymer also used in subterranean 
applications. By building weak links into already well known and tested 
polyacrylamide, the likelihood of obtaining polymers with desired properties was 
higher than in case of designing completely new polymer systems. 
 
Thesis structure 
The focus of this work was aimed at finding a method to incorporate labile links into 
the polyacrylamide backbone and on its application in the oil and gas recovery.  
In the first chapter the literature background will be discussed. The attention was 
focused on the role of polymers as drag reducing agents. An overview of various 
degradable groups, such as esters, orthoesters, anhydrides, disulfides, etc and 
methods which could be used to introduce them into the backbone of vinyl polymers, 
was also presented in this chapter. Special attention was given to the redox 
polymerisation, which was considered to be the most suitable method to yield 
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degradable polymers fulfilling the given requirements. The second chapter lists all 
chemicals used during this study and describes experimental procedures in detail. 
The following chapters 3, 4, 5 and 6 contain obtained results. Each of  
these chapters deals with a different reducing agent: triblock copolymer  
poly(lactic acid)-b-poly(ethylene glycol)-b-poly(lactic aicd), polycaprolactone diol, 
2,2'-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] and L-cystine, respectively. 
The order in which the reducing agents were studied was dictated by the obtained 
results. Each of the chapters contains also a discussion section, which explains the 
choice of the subsequent reducing agent. Finally overall conclusions are drawn in 
chapter 7 and suggestions for the future work are presented. 
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1. Literature background 
This chapter is divided into three major parts, in which the relevant literature for the 
main problems of this research was reviewed and presented. The first section covers 
the type of the polymers commonly used as drag reducing agents in subterranean 
applications and explores the concept of drag reduction itself. Additionally, the 
desirable properties, which are required for polymers used as drag reducing agents, 
are presented. 
In the second section, a review of degradable polymers is given to present potential 
labile groups which could be utilised to produce a polymer for the intended 
application. 
Various polymerisation methods to synthesise vinyl polymers with weak groups in 
the backbone were considered in the third section. Advantages and disadvantages in 
using these methods to devise polymeric drag reducing agents were discussed. 
 
1.1 Phenomenon of drag reduction 
Drag reduction (DR) has a huge potential in number of industries. It is utilised in 
irrigation systems [14], fire fighting systems [15], in sewer systems [16], heating and 
cooling systems [17] and it is widely used in a petroleum recovery and oil transport 
through pipelines [18-20].Drag reduction for turbulent flow can be defined as an 
increase in pumpability of the fluid caused by an addition of small amounts of 
additives, such as surfactants, fibers or polymers [21-24].  
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To be familiar with the conditions under which the phenomenon of drag reduction 
occurs terms are introduced into this section. There are two types of flow regimes: 
laminar and turbulent, which are schematically presented in Fig. 5 and 6, respectively.  
 
 
 
Fig. 5 Schematic of laminar flow 
 
 
 
 
 
Fig. 6 Schematic of turbulent flow 
 
Laminar flow takes place when the fluid flows in parallel layers in an ordered 
manner with a parabolic flow profile. The central part of the fluid has the highest 
velocity, which decreases to zero towards the walls. In the turbulent flow the fluid 
travels with no observable pattern and no defined layers [25]. The Reynolds number 
(Re) determines whether flow conditions will lead to laminar or turbulent flow and 
for flow in a pipe it can be defined as [26]. 
                                                                                                                 (1) 
 
where ν  is the mean fluid velocity, d  the pipe diameter, ρ the density of the fluid 
and µ the dynamic viscosity of the fluid. 
When Re is approximately 2300 the inertial forces dominate over viscous forces and 
instabilities form which leads to a turbulent flow. By reducing the intensity of eddies 
µ
ρνd
=Re
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and vortices in the turbulent flow, using small amounts of drag reducing agents,  
a lower driving pressure is necessary to obtain a desired flow rate compared to the 
pure fluid. Based on this, drag reduction can be expressed using following equation:  
 
S
pS
p
pp
DR
∆
∆−∆
=(%)                                                                                                 (2) 
 
where DR(%) is the drag reduction percentage, Δps is the pressure drop across given 
length of a pipe for the pure fluid and Δpp is the pressure drop for the fluid after 
addition of a drag reducing agent with the same flow rate of the pure fluid [27]. 
 
1.1.1 Drag reduction by polymeric additives 
One of the best drag reducing agents are polymers. The addition of few tens of parts 
per million (ppm) of long-chain polymers can reduce turbulent drag by  
up to 80% [28, 29]. Due to their low toxicity and reasonable prices they have a 
number of commercial applications; for instance the area of field served by an 
irrigation pump can be doubled, the size of a fire-hose can be greatly reduced or the 
nozzle pressure substantially increased, the capacity of a storm-water sewer can be 
doubled at peak loads, centrifugal pumps can be cut in half, pipeline capacities could 
in principle be doubled, the drag of a super-tanker could be cut in half, and  
so forth [30]. Drag reduction by very dilute solution of poly(methyl methacrylate) in 
monochlorobenzene was first reported by Toms in 1948 [10]. Since then a number of 
polymers have been studied in various solvents and drag reduction has been observed 
to occur for number of different polymers and solvents. The most common polymers 
used as drag reducing agents in water are poly(ethylene oxide) [31], polyacrylamide 
and hydrolysed polyacrylamide [32], guar gum [33], xanthan gum [34], 
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carboxymethyl cellulose [35 ] and hydroxyethyl cellulose [21]. Polyisobutylene [36], 
polystyrene [37], poly(methyl methacrylate) and polydimethylsiloxane [38] and 
poly(cis-isoprene) are known for their drag reducing properties in organic solvents. 
A number of comprehensive reviews are available, which provides a broad overview 
of the drag reduction phenomenon including polymer science and mechanism of 
drag reduction [35, 37, 39]. Two of the most important findings; the onset  
of drag reduction and maximum drag reduction, were thoroughly studied by  
Virk et al. [40, 41]. Existence of maximum drag reduction, suggests that drag 
reduction is not solely due to viscous effects but depends also on the physical 
properties of the flow. Even though the concept of polymer drag reduction has been 
studied for over six decades, the mechanism of this phenomenon still has not been 
entirely confirmed. The proposed mechanisms of drag reduction are discussed in a 
review by Benzi [42]. Since the aims of this project are focused on designing water 
soluble polymer for drag reduction, the properties of good polymeric drag reducing 
agents will be discussed in more detail in the following section. 
 
1.1.2 Properties of good polymeric drag reducing agents 
The key factors influencing efficiency of polymeric drag reducing agents are their 
structure, molecular weight, concentration and quality of solvent. The lower limit of 
polymer molecular weight to achieve a drag reducing effect is M = 5·105 Da [43] and 
with increasing molecular weight the effectiveness of polymers to reduce drag 
increases as well [40, 44, 45]. Molecular weight seems to be one of the crucial 
parameters; however, some studies claim it is the coil volume that determines 
efficiency of polymers for drag reduction [46, 47]. Nevertheless, when polydispersity 
of polymers is considered, it was shown that the highest molecular weight fraction of 
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polymers have the biggest influence on overall drag reduction [46, 48]. According to 
Hunston et al. [49] this is due to the ability of the higher molecular weight fraction of 
the polymer to interact with bigger vortices and reducing their intensity hence their 
bigger contribution to drag reduction. 
It was shown that the concentration of the polymer has also an influence on drag 
reduction within certain limits. As in case of molecular weight, increasing drag 
reduction can be observed with increasing polymer concentration until reduction 
reaches a maximum at a given Reynolds number [50]. The optimum concentration 
for maximum drag reduction can change with a change of temperature or molecular 
weight of the polymer. The optimum concentration decreases with increasing 
molecular weight, whereas with increasing temperature more polymer needs to be 
added to achieve the maximum drag reduction [38].  
Another important parameter influencing the effectiveness of polymers towards drag 
reduction is their structure. It was shown that flexible polymers are much better drag 
reducing agents than polymers with a rigid structure. Merrill et al. [44] studied two 
polymers with different chain flexibility, poly(ethylene oxide) in water, and less 
flexible polyisobuthylene in cyclohexane with a wide range of molecular weights. It 
was shown that a 20-fold higher concentration of polyisobuthylene had to be used to 
produce the same effect of drag reduction as poly(ethylene oxide) with a comparable 
molecular weight. Therefore, natural polymers such as carboxymethyl cellulose, 
xanthan gum and guar gum, which proved to be more stable than synthetic polymers, 
can be used to reduce the drag; however, they proved to be much less effective 
 than commonly used synthetic polymers, such as poly(ethylene oxide) or 
polyacrylamide [14, 51]. A few hundred ppm of natural polymers need to be added 
to achieve drag reduction comparable with synthetic polymers, where a few ppm 
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reduce drag efficiently [33]. It was shown that linear polymers are the best drag 
reducing agents; however graft and slightly branched polymers also can be used as 
drag reducing agents [52, 53]. 
Polymer-solvent interaction also proved to play an important role in influencing the 
efficiency of drag reduction. The quality of the solvent determines whether the 
polymer is in the coiled or extended form. The DR efficiency of polymers in good 
solvents, when the polymer is in the extended form, hence has a bigger volume, is 
higher than that in poor solvents [54]. The molecular conformation can be also 
tailored by salinity or pH for polyelectrolyte solutions. Partially hydrolysed 
polyacrylamide in low salinity solutions is in the extended form due to electrostatic 
repulsion, and therefore is a more efficient drag reducing agent than in high salinity 
solution. Poly(acrylic acid) (PAA) was studied for its drag reducing ability over a 
range of pH and the results show that PAA in the alkaline pH range, when 
poly(acrylic acid) is in the extended form, is a better drag reducing agent than at 
acidic pH [55]. 
 
1.2 Degradable polymers 
A precise and an adequate definition of degradable polymers does not really exist. In 
fact almost everything degrades, but it is important and essential for many 
applications that this process occurs fast enough. Dependent on the environment 
degradation of some polymers can be a matter of thousand years, whereas for others 
it takes only a few hours. In general degradation can be defined as a process which 
involves chemical (oxidation, hydrolysis), physical (photo-degradation, thermal-
degradation) or biological factors (degradation by microorganisms, such as bacteria, 
fungi and insects, or by enzymes) that cause a change in polymer structure. 
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Fragmentation of the polymer leads to the deterioration of physical and chemical 
properties [56]. 
A variety of polymeric materials, both naturally occurring and synthetic ones, are 
currently used. Natural polymers such as agarose, xanthan, guar gum or dextran are 
used frequently in foods, pharmaceuticals, cosmetics, health care, bioscience 
research and the oil industry [57-60]. Nevertheless, for a number of applications 
synthetic polymers seem to be the better choice due to their diversity, ease to tailor 
their physico-chemical and mechanical properties or even their rate of degradation. 
The variety and reproducibility of synthetic polymers makes them very attractive 
materials for different application including oil and gas production. 
 
1.2.1 Degradation mechanisms of polymers 
The degradation of the polymers can be classified into at least three different 
categories [61, 62]. Figure 7 represents schematically the different types of polymer 
degradation mechanisms.  
 
 
Fig. 7 Polymer degradation by cleavage of: a) polymer backbones, b) crosslinks, 
 c) pendant groups 
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The degradation mechanism illustrated in Fig. 1 a), takes place when polymers 
degrade by scission of the polymer backbone and turn into lower molecular weight 
polymers or even oligomers and monomers. The degradation of the polymer 
backbone can occur by chemical or enzymatically induced hydrolysis of unstable 
bonds. Polymers that undergo this type of degradation include polyesters, 
polyanhydrides, polyamides and poly(ortho ester)s. Polymers undergoing the second 
type of degradation, when the crosslinking agent degrades, retain an intact polymer 
backbone. Polymers degrading by this mechanism can be any covalently crosslinked 
hydrogels or branched polymers compromising a degradable group within a 
crosslinker, but also ionically crosslinked polymers, such as calcium  
alginate [63-65]. Finally, the pendant groups attached to the polymer backbone may 
be cleaved, while the polymer backbone may remain unaffected. This type of 
degradation was proposed for polymers, such as polycyanoacrylates or any polymers 
(polyacrylamide, poly(methyl methacrylate), etc.), which contain labile group in the 
side chain [66, 67]. 
 
1.2.2 Natural polymers  
Natural polymers, such as proteins, polysaccharides, lipids, nucleic acids or natural 
rubber, are biosynthesised by various routes in the biosphere. Most of these are 
expected to undergo biodegradation. However, the rate of biodegradation varies from 
hours to years depending on the functional groups present and the complexity of the 
polymer. Because all natural polymers are considered to be degradable, cheap and 
easily available, they are attractive materials for research and development of new 
products [56, 68]. 
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Polysaccharides are the most popular group of natural polymers. There is a large 
number of polysaccharides due to diversity of monosaccharides and a broad range of 
bonding possibilities between the different carbons of the adjacent monosaccharide 
residues. For each polysaccharide there is a matching number of enzymes, which can 
degrade the polymer. For instance chitosanase is an enzyme for degradation of 
chitosan, dextranese for dextran and α-amylase for starch [69]. 
In order to combine the best properties of natural polymers with the advantages of 
synthetic polymers, polysaccharides were grafted with polyacrylamide chains [70]. 
The synthetic polymers can be tailor-made by controlling the molecular weight, 
molecular weight distribution, chemical structure of polymers and by nature and the 
amount of functional groups in the polymeric backbone. However, a great advantage 
of natural polymers over synthetic ones is their biodegradability, nontoxicity, and 
shear resistance. Thus, as a result of grafting polysaccharides with acrylamide, very 
efficient flocculants were obtained [71, 72]. The same systems have been also shown 
to reduce turbulent drag. Deshmukh et al. [73] showed that drag reduction efficiency 
of acrylamide grafted onto guar gum was higher than that of guar gum itself.  
For some applications, such as oil/gas recovery or drug delivery systems, using 
enzymes to degrade polysaccharides seems to be disadvantageous or inefficient. One 
of the drawbacks is that each polymer needs a specific enzyme to degrade it. 
Enzymes also have a narrow temperature and pH range in which they are  
effective [74]. As enzymes work most efficiently under neutral conditions and 
become ineffective at extreme pH values or temperatures, it would be challenging to 
find appropriate enzymes that are active in harsh environments of oil wells.  
Van Dijk-Wolthuis et al. [75] developed a new class of methacrylated dextrans, 
which are sensitive to hydrolysis, by incorporating hydrolytically labile spacers 
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between the polymerised methacrylate groups and dextran. Introduction of lactate 
esters induced degradability of dextran under physiological condition and permitted 
the release of proteins from hydroxyethyl methacrylated dextran without using any 
enzymes. 
 
1.2.3 Degradable synthetic polymers 
Synthetic polymers such as polyesters, polyanhydrides, poly(ortho ester)s or 
polyphosphazenes offer a number of advantages over natural polymers. The key 
advantages include the ability to tailor their properties and degradation kinetics to 
suit various applications. Generally, high molecular weight polymers based on  
a C–C backbone, such as vinyl polymers, tend to be resistant to hydrolysis, oxidative 
cleavage, enzymatic attack, etc. and therefore, they are not degradable. One of the 
exception is poly(vinyl alcohol) [76, 77]. Poly(vinyl alcohol) contain hydroxyl 
functional pendent groups in the chains, which can undergo oxidation. The resulting 
product can react further to oligomers or even small molecules, which is  
illustrated in Fig. 8. 
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Fig. 8 Enzymatic degradation of poly(vinyl alcohol) 
 
Another polymer with degradable hydrocarbon backbone is polycyanoacrylate. The 
proposed degradation mechanism is illustrated in Fig. 9. The disappearance of high 
molecular weight polycyanoacrylates in strong bases, followed by the emergence of 
much lower molecular weight fractions, which with time slightly increased in a 
molecular weight, was observed. This behaviour of the polymer indicates an 
unzipping depolymerisation–repolymerisation mechanism [78, 79]. 
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Fig. 9 Unzipping depolymerisation–repolymerisation mechanism  
of polycyanoacrylates 
 
Contrary to usually non-degradable hydrocarbon polymers, polymers containing 
hetero-atoms in their main chain groups, such as esters, carbonates, amides, 
anhydrides, phosphazenes, etc. confer degradability [80]. Because the aim of this 
study is to design water soluble polymers for subterranean applications, only 
particular degradable groups were considered. Taking into account the conditions in 
which these polymers will be potentially used, only functional groups/polymers, 
whose degradation could be triggered by pH, temperature or reducing agents were 
reviewed. 
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1.2.3.1 Degradable polyesters 
Polyesters attracted a lot of interest because of their inherent degradability. 
Homopolymers and copolymers based on poly(lactic acid) (PLA) and poly (glycolic 
acid) (PGA) are the most studied and the best characterised group of biodegradable 
polymers [81, 82]. The polyester family however, does not only include polyesters 
alone but also copolymers with amides, anhydrides, urethanes, imides or ethers, 
which allow to tune the properties of the materials. 
Polyesters can be synthesised by polycondensation of diols and dicarboxylic acids, 
by self-polycondensation of hydroxyacids or by ring-opening polymerisation of 
lactons and lactides [83]. Ring-opening polymerisation is a much better choice for 
preparing high-molecular weight aliphatic polyesters and allows to use milder 
conditions and shorter reaction times, whereas, polycondensation requires higher 
temperatures and longer reaction times [84-87]. Recently, enzymatic 
polyesterification has attracted significant amount of attention and in some cases it 
proved to be a very convenient way to obtain poly(ester)s [88, 89]. 
Degradation of polyesters proceeds via cleavage of ester bonds either chemically by 
hydrolysis or by enzyme activity. In the natural environment very often the 
degradation proceeds by the combination of the two processes (Fig. 10) [90]. 
 
 
Fig. 10 Hydrolysis mechanism of poly(lactic acid) or poly(glycolic acid) 
 
45 
 
The hydrolysis of esters, in general, can be catalysed by both acids and bases. There 
are many other factors which influence a degradation rate of polyesters, such as 
chemical composition, hydrophilicity, crystallinity, melting temperature and 
molecular weight of the polymer. Polymer end groups have also been found to have a 
significant impact on the degradation. It is well known that autocatalysis takes place 
when carboxylic acid degradation products are released as a consequence of the 
cleavage of the ester bonds. Thus, carboxyl groups present on the end of the polymer, 
or added to the polymer as an active ingredient, accelerate the hydrolytic degradation 
[91-95]. Another important factor which influences the degradation kinetics of 
polymers is a temperature. Most published papers refer to the degradation of 
polymers at 37°C, however, it has been reported that the degradation rate of 
polyesters increases with the increasing temperature [96, 97]. 
The potential of copolymerisation of lactic acid with other monomers has been 
investigated and reported. Poly(ethylene glycol) (PEG) is a commonly used 
comonomer, which has been utilised to modulate physicochemical properties of a 
new polymeric material in order to suit particular applications [98, 99].  
Hydrophobic poly(lactic acid) confers degradability whereas, non-degradable 
poly(ethylene glycol) gives hydrophilicity to the PLA/PEG copolymers. Both 
diblock PLA/PEG and triblock PLA/PEG/PLA copolymers, with various PLA chain 
lengths, have been synthesised and characterised [98, 100, 101]. 
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1.2.3.2 Degradable poly(ortho ester)s 
Poly(ortho ester)s (POE) are a family of hydrophobic biodegradable polymers, which 
can undergo surface-erosion degradation process [102]. Poly(ortho ester)s have been 
under development since the early 1970s and during that time, four families of 
poly(ortho ester)s have been described. The chemical structure of the four families of 
poly(ortho ester)s are shown in the Fig. 11 [103, 104]. 
O
ORO **
n
POE I
* O
O
O
O
O O-R *
n
POE II
* O
C
O-CH-(CH2)4
O-CH2R
n
POE III
O
O
O O
O
O CH
CH3
C
O
O R' O
O
O
O
O O-R
nn=1-6
POE IV
R-alkyl groups  
Fig. 11 Structures of the degradable poly(orthoester)s families 
The poly(ortho ester)s can be prepared by two general reactions: I) transesterification 
reaction II) addition of diols to diketene acetals. Transesterification reaction involves 
long reaction times in order to obtain the polymer. The process is very difficult to 
scale up and control of a molecular weight is extremely problematic[104]. II) The 
addition reaction (reaction II) can be carried at atmospheric pressure and at room 
temperature. Unfortunately, only a few diketene acetals have been described in the 
literature [105]. 
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Poly(ortho ester)s undergo degradation through hydrolysis of the ester bonds and as 
in case of polyesters their degradability varies with pH. They undergo fast 
degradation in the mild acidic conditions, while at physiological pH the erosion rate 
is extremely slow [106]. The hydrophobicity of the polymer minimises water 
penetration into the bulk material and thus slows the hydrolysis of the polymer.  
As one would expect, an increase in the hydrophilicity of the polymer causes an 
increase in the erosion rate and in extreme cases the polymer hydrolyses entirely in a 
few hours [104]. Due to varieties of structures within poly(ortho ester)s, the 
mechanism and the degradation rates differ between the four families. The first 
family of poly(ortho ester)s (POE I) undergoes an autocatalytic hydrolysis reaction. 
It is caused by the release of γ-butyrolactone during hydrolysis which rapidly opens 
to γ-hydroxybutyric acid. To avoid uncontrolled degradation of the polymer, it must 
be stabilised with a base such as Na2CO3 [103]. In case of POE II, the stabilisation is 
not necessary due to the hydrophobic nature of the polymers belonging to this family 
and neutral products of their hydrolysis. Therefore, lowering of the pH at the 
polymer-water interface or physical incorporation of small amounts of acidic 
excipient into the polymer is required to achieve faster erosion times [107]. Unlike  
poly(ortho ester)s of family II , poly(ortho ester)s of family III are quite hydrophilic 
and as a consequence they can undergo the non-catalyzed erosion at a relatively rapid 
rate [108]. The last group of poly(ortho ester)s was designed in order to obtain a 
delivery system with an accelerated erosion rate in controllable and reproducible 
manner. This was achieved by incorporation of α-hydroxy acid segments into the 
polymers [109]. 
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1.2.3.3 Degradable polyanhydrides 
Polyanhydrides are a group of degradable polymers with a hydrophobic backbone 
and hydrolytically labile anhydride linkages. One of the main advantages of 
polyanhydrides is that it is possible to obtain a well-defined polymer structure with 
the controlled molecular weight and defined predictable rate of degradation [110]. 
Due to the rapid degradation of the polymer backbone, the main application for this 
class of polymers is in short-term controlled drug delivery. 
 
Fig. 12 General structure of polyanhydrides 
Polyanhydrides can be synthesised by dehydrative coupling, ring opening 
polymerisation, dehydrochlorination or melt polycondensation. The best method to 
obtain high molecular weight polymer is melt polycondensation. However, this type 
of polymerisation is not suitable for heat sensitive monomers [110, 111]. 
Water-insoluble polyanhydrides are known to undergo surface erosion as a result of 
hydrolytic cleavage of anhydride bonds creating water-soluble degradation products 
that can dissolve in an aqueous environment ( Fig. 13) [112 ]. 
 
Fig. 13 Hydrolysis mechanism of polyanhydrides 
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Properties of polyanhydrides can be tailored by manipulation of the polymer 
composition. Aliphatic polyanhydrides are very susceptible to hydrolytic degradation 
and often have unfavourable mechanical properties, whereas aromatic 
polyanhydrides have a very low degradation rate. Therefore, both the mechanical 
properties and degradation of homopolyanhydrides can be tuned by copolymerisation 
of aromatic and aliphatic monomers [113]. Another way to change degradation rates 
of polyanhydrides is by increasing the hydrophilicity of the polymer backbone by 
introducing more hydrophilic monomers of PEG segments into the main chain. 
Increased hydrophilicity enables easier penetration of water into the bulk and 
accelerates degradation rate [114, 115]. 
 
1.2.3.4 Degradable polyphosphezanes 
Polyphosphezanes are a very diverse class of degradable inorganic polymers that 
contain alternating phosphorus and nitrogen atoms in the main chain linked by 
alternating single and double bonds. Polydichlorophosphazene is the precursor for a 
variety of polymers with a wide range of properties. It can be modified with organic 
groups by nucleophilic substitution of the reactive chlorine atoms by various organic 
or organomethallic nucleophiles.  
 
Fig. 14 General structure of polyphosphazenes 
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The character of the side groups determines the properties of the corresponding 
polymers. This offers possibilities to tailor the hydrophilicity of the polymer, its 
mechanical properties and stability in water [116]. Most of the polyphoshazenes are 
hydrolytically stable, but by substituting the chlorine atoms with appropriate side 
groups, the phosphorus–nitrogen backbone can become hydrolytically unstable. 
There are two main groups of degradable polyphosphazenes that can be 
distinguished: amino- and alkoxy-substituted [117]. The amino-substituted 
polyphosphazenes are the largest family of degradable polyphosphazenes. They 
comprise phosphazenes with amino acid ester or imidazole as side groups. The 
smaller alkoxy-substituted polyphosphazenes family includes side groups such as 
glyceryl, glucosyl or esters of glycolic or lactic acid [118-120]. 
The synthesis of polyphosphazenes has evolved over the years. First time it was 
attempted in 1895 by Stokes via thermal ring opening polymerisation of 
hexachlorotriphosphazene. The obtained product was a colourless, crosslinked 
rubbery material, insoluble in all solvents and hydrolytically unstable. To obtain the 
first linear polyphosphazenes, the thermal ring opening polymerisation had to be 
stopped before cross-linking occurred. Strictly controlled time and a temperature 
enabled to produce a polymer, which was soluble in organic solvents, however with 
little or no control over molecular weight and with large polydispersity [121]. 
Control over molecular weight and narrow polydispersity distribution  
was achieved more recently using a living cationic polymerisation of  
phosphoranimines [122]. 
Two mechanisms for the hydrolysis of the aminosubstituted phosphazanes have been 
proposed (Fig. 15), which involve the protonation of atoms in the skeleton or in the 
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side group. In case of protonation of the skeletal nitrogen, direct cleavage and 
conversion to ammonium ions, phosphoric acid and free amine salt occurs. 
Alternatively, protonation of side-group nitrogen could take place. This would be 
followed by nucleophilic attack of water at the phosphorus, yielding a 
monohydroxycyclophosphazenes, which on further hydrolysis would undergo ring 
cleavage and eventual degradation [123]. 
 
Fig. 15 Hydrolysis mechanism of aminophosphazane 
Polyphosphazenes can be tailored to have a wide range of degradability by 
substituting the phosphorus–nitrogen backbone with appropriate side groups: 
hydrolysis-sensitising or hydrolysis-retarding ones. Imidazole-substituted 
polyphosphazenes among amino-substituted ones have the highest susceptibility 
towards hydrolytic degradation. Its hydrolytic sensitivity can be modulated by co-
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substituting it with hydrolysis-retarding groups [119]. Side groups, such as amino 
acid esters, glucosyl, glyceryl, glycolate, lactate, glycine etyl ester and imidazole, 
sensitise the polymer backbone to hydrolysis, whereas groups such as aryloxy, 
fluoroalkoxy, butyroxy and higher alkoxy units protect the polymer backbone against 
hydrolysis [120, 124, 125]. The rate of the polyphosphazenes degradation can also be 
modulated by temperature and pH. The hydrolysis of glyceryl-substituted 
polyphosphazenes at 100°C was completed after 150 h, whereas at 37°C after 720 h 
[126]. At 25°C the only aminocyclophosphazene that hydrolyzed at a detectable rate 
was imidazole-substituted, whereas at 100°C also amino, methyl amino, ethyl 
glycinato and methyl glycinato substituted phosphezanes degraded. The rate of 
hydrolysis for these phosphazenes was very low in weakly basic media. The overall 
speed of hydrolysis increases in acidic media with increasing acid strength [123]. 
 
1.2.3.5 Degradable polyurethanes 
Polyurethanes are a family of polymers in which the repeating unit contains a 
urethane moiety. They have structural characteristics of both polyesters and 
polyamides. The simplest polyurethanes are linear and their general structure is 
presented in Fig. 16 [127]. 
 
R, R’ – hydrocarbon chains 
Fig. 16 Structure of polyurethanes 
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Polyurethanes are synthesised by result of polyaddition reaction between 
diisocyanate and dialcohol. The ability to vary the R and R’ groups gives wide 
possibilities to produce multiple urethanes with different properties [128]. 
The tendency of polyurethanes to degradation is expected to be similar to that of 
polyesters and polyamides, but different when it comes to the degradation rates. 
Polyurethanes undergo hydrolysis, however high temperatures and high pressures are 
needed to accelerate the process, which can be further accelerated by addition of an 
acid or base [129-131]. The hydrolysis proceeds according to the equation presented 
in Fig. 17. 
 
 
Fig. 17 Hydrolysis of urethane group 
 
Since polyurethanes provide unique possibilities to tailor a wide range of both 
physical and chemical properties. The degradation rate can also be adjusted through 
an appropriate choice of the soft segment, which are consist of long polymeric chains 
of the polyol e.g., polyether of polyester type. If the polyol of choice is a polyester, 
then polyurethanes are readily biodegradable by the cleavage of the ester  
bonds [132]. 
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1.2.3.6 Temperature labile groups 
Thermally cleavable compounds are common free radical initiators, which can 
produce radicals at elevated temperatures as a result of bond cleavage. Two main 
families of thermal initiators are commercially available and widely used: azo and 
peroxy compounds. The general structures of both groups are illustrated in Fig. 18.  
 
Fig. 18 General structure of azo and peroxy compounds 
 
In case of aliphatic azo compounds, heating causes a scission of the bonds between 
nitrogen atom and the rest of the aliphatic chain, creating two carbon-centered 
radicals and free nitrogen. In Fig.19 the decomposition of commonly known aliphatic 
azo initiator, azobisisobutyronitrile is illustrated. In case of peroxy compounds, such 
as benzoyl peroxide, homolytic scission of peroxide bond, goes through a stage 
where two oxygen-centered radicals are created, followed by the transition to carbon-
centered ones (Fig. 20) [133]. 
 
Fig. 19 Decomposition of azobisisobutyronitrile 
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Fig. 20 Decomposition of benzoyl peroxide 
 
Polyperoxides form an interesting group of polymers where peroxide functional 
groups can be can be either in the side chain or a part of the polymer backbone. 
Unlike commercial polymers polyperoxides can degrade even in an inert atmosphere 
at relatively low temperatures (100°C - 150°C). They can be obtained either by 
radical polymerisation of vinyl monomers in the presence of oxygen leading to vinyl 
polyperoxides or as a result heteropolycondensation of diacid chlorides with  
sodium peroxide (Na2O2) or an organic bis-hydroperoxide using a pyridine  
catalyst [134-136]. 
Due to formation of radicals as a result of scission of peroxy group, not only 
compounds with a single peroxy group can be utilised as free radical initiator, but 
also polyperoxides where multiple peroxy groups are part of the backbone [137]. 
Peroxy groups have also been utilised to impart degradability to polymer systems. 
Degradation of peroxy groups is temperature dependant, which means that with 
increasing temperature, the degradation rates increase as well [138-140]. 
Azo-linkages have drawn a lot of attention due to a number of attractive chemical, 
photochemical, biological and thermal properties [141-143]. Aromatic azo-groups 
confer biodegradability, which enables to use them as a delivery vehicle in targeted 
drug delivery [144-146]. Aliphatic azo-groups built into a polymer backbone are 
used for the synthesis of block or graft copolymers [147]. The incorporation of azo 
compounds into a polymer backbone opens the way to thermo-degradable  
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polymers [141, 148]. Azo containing polymers can be prepared by the condensation, 
radical and ionic polymerisations [149].  
 
1.2.3.7 Disulfides as labile groups 
Disulfide is an example of a degradable group, which can be cleaved reversibly by 
using a reducing agent creating thiols. The commonly employed reducing agents are 
mercapto compounds, such as dithiotretol [150] or 1,3-propanedithiol [151]. 
Reduction of disulfide bonds by dithiotretol is illustrated in Fig. 21. 
 
Fig. 21 Reduction of disulfide bonds by dithiothreitol 
 
Disulfide bonds are utilised in nature as structurally important elements of primary 
protein structures and in various metabolic redox processes. They have been also 
utilised to impart degradability to nondegradable hydrocarbon backbones [65]. One 
of the ways to introduce multiple disulfide groups into polymer backbone is to use 
difunctional initiators that contain disulfide bonds and to combine the prepared well-
defined polymer chains in a step-growth-type process such as atom transfer radical 
coupling (ATRC) [152]. It was also reported that disulfide can be incorporated into 
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linear poly(amido amines) via Michael addition  
polymerisation [153]. 
 
1.2.4 Methods of incorporation of weak links into a polymer 
There are a few methods which could be potentially used to incorporate weak links 
into the polymer backbone. Herein the focus was put on the methods which enable to 
impart degradability into the backbone of vinyl polymers. Advantages and 
disadvantages of free radical ring opening polymerisation, controlled living 
polymerisation and redox polymerisation are singled out in order to comprehend the 
route followed by me. 
 
1.2.4.1 Free radical ring opening polymerisation 
Free radical ring opening polymerisation has been an important development in 
polymer chemistry. It offers a convenient route to incorporate various functional 
groups such as esters, ethers and ketones into the backbone of vinyl polymers [154 ]. 
Due to the presence of new groups, copolymers have improved properties, for 
instance thermal stability or degradability [155]. Hydrolysis of these copolymers 
would produce oligomers that could be terminated with desirable groups such as 
hydroxyl, amino, thiol and carboxyl groups, which can then be used for the 
preparation of new types of polymers [156]. In case of free radical polymerisation of 
cyclic ketene acetals, the process can take two different routes; one is ring opening 
producing a poly(ester) while the other produces a polymer in which the ring is 
maintained and polyactals are produced (Fig. 22) [157]. 
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Fig. 22 Free radical polymerisation of cyclic ketene acetals 
 
The efficiency of the ring opening reaction depends on the ring size and on the 
substituents of the ring. A high ring strain may favour complete ring opening. Special 
care has also to be taken to avoid acid-catalyzed polymerisation, which proceeds 
without ring opening. It was reported that the five-membered cyclic ethylene ketane 
acetal underwent free radical polymerisation at 60°C to give a polymer in which 50% 
of the monomer units had undergone ring opening. Whereas in case of the seven-
membered cyclic ketene acetal 2-methylene-1,3-dioxepane (MDP), nearly 100% of 
monomers underwent ring opening [155, 157, 158]. MDP proved to be a very useful 
monomer not only due to its ability to undergo ring opening polymerisation with 
high efficiency but also its ability to copolymerise with a variety of vinyl  
monomers [155]. 
Degradable ester linkages were successfully introduced randomly into the poly(N-
isopropylacrylamide) (PNIPAM) backbone, by a combination of radical ring-opening 
polymerisation and vinyl polymerisation. 5,6-Benzo-2-methylene-1,3-dioxepane 
(BMDO) showed quantitative ring-opening during the copolymerisation reactions. 
The amount of ester linkages can be increased by increasing the amount of the 
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BMDO in the initial feed. The copolymers were found to be hydrolytically 
degradable and their properties, such as glass transition temperature and lower 
critical solution temperature, can be controlled by controlling the amount of BMDO 
incorporated in the copolymers. Copolymers with low mol-% of BMDO (up to about 
9%) were found to be soluble in water and were hydrolytically degradable [80]. 
It seems that free radical ring opening polymerisation is an excellent method to 
impart degradability to non-degradable vinyl polymers. However, it can be used only 
in cases when high molecular weight is not required. Unfortunately, due to vast 
reactivity difference between cyclic and vinyl monomers, only relatively low 
molecular weight of block copolymers were achieved, or in some cases only 
homopolymers were obtained and ring opening was not observed [159]. Analysing 
free radical ring opening polymerisation from industrial feasibility point of view, 
reaction time and energy consumption should be taken into account. In this case both 
a temperature and reaction time depend on the type monomers and initiator used 
during the polymerisation, however, generally the polymerisations needs to be 
performed at relatively high temperatures and long period of time in order to obtain 
high yields [155, 160, 161]. 
 
1.2.4.2 Controlled living polymerisation 
The molecular weight and molecular weight distribution of polymers obtained by 
copolymerisation using conventional radical initiators cannot be controlled. Recent 
developments in living radical polymerisation (LRP) give the opportunity to obtain 
polymers with controlled molecular weight and narrow polydispersity [154, 161]. 
LRPs have been a subject of scientific interest due to possibilities to design polymers 
with a wide range of properties. Living radical polymerisation also provides the 
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opportunity to incorporate degradable groups into the polymer backbone which 
extends the scope of utilising LRP in all potential applications for degradable 
polymers, such as drug delivery or green chemistry. The characteristic feature of 
living radical polymerisation is that the molecular weight increases linearly with 
monomer conversion. The ends of the polymer chains have functional groups which 
can further propagate once more monomer is added, even when all monomer was 
completely converted in the first reaction stage. This provides an unique opportunity 
to control copolymerisation processes [162]. Living radical polymerisation consists 
of various polymerisation methods including reversible addition fragmentation 
transfer polymerisation (RAFT) [163], atom transfer radical polymerisation (ATRP) 
[164] and nitroxide-mediated polymerisation (NMP) [165]. 
Among the range of controlled/living radical polymerisations, atom transfer radical 
polymerisation (ATRP) is the most versatile, due to its ability to copolymerise with a 
broad range of monomers. At the same time ATR can also provide better defined 
polymers with the predictable molecular weight and narrow molecular weight 
distribution [161]. Reducible disulfide – containing polymers were synthesised by 
ATRP utilising disulphide containing initiator to fabricate reversible  
cleavable copolymers of polystyrene [166], poly(methyl methacrylate) [167] and  
poly(-2-hydroxyethyl methacrylate) [168]. Multiple disulphide links in the polymer 
backbone can be also incorporated via atom transfer radical cross-coupling (ATRC) 
of dihalogenated polymers obtained by ATRP with dinitroxide compounds [169]. It 
was shown that very high molecular weight polymers can be prepared using ATRP 
process. To achieve poly(methyl methacrylate) with molecular weight over 106 Da, 
high temperatures (80°C) and long reaction time (70 h) were necessary. 
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Unfortunately the conversion in this condition was very low and remained below 
20%, which especially from industrial point of view is a very poor result [170]. 
Since drag reducing agents are usually delivered to the oil well as emulsions, it 
would be advantageous and economically viable if the polymerisation would provide 
a ready product, which does not require further steps of purification and preparation. 
In recent years there have been a number of studies in conducting living radical 
polymerisations in aqueous media. NMP [171] is strongly limited not only to the 
choice of the monomers but also by polymerisation condition, whereas, both ATRP 
[172, 173] and RAFT [174] polymerisations proved to be reasonably successful. 
Since RAFT polymerisation can be used over a wide range of monomers and 
conditions, it proved to be the most effective in polymerisation of acrylamide in 
aqueous systems, nevertheless, careful choice of reagents and condition is necessary 
to achieve controlled polymerisation [175]. Even though some of the difficulties of a 
living radical polymerisation, such as the choice of the monomer or the temperature 
were overcome by RAFT polymerisation, there are still some limitations. The 
choices of the reagents remain still difficult and in order to obtain appreciable 
conversion the polymerisation time is relatively long. 
 
1.2.4.3 Redox polymerisation of vinyl monomers 
Redox polymerisation is a polymerisation which can be very appealing from 
industrial point of view. Even though the polydispersity of polymers obtained as a 
result of redox polymerisation is quite broad, there are number of advantages in the 
favour of a redox initiated free radical type polymerisation. Redox initiation allows 
for the polymerisation of vinyl monomers, by the reaction where the first radical 
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species are formed via a single-electron transfer occurring between an oxidising ion 
and a reducing agent [176]. Oxidising metal ions, such as Ce(IV), Mn(III), V(V), 
Co(III), Cr(VI) and Fe(III), form effective redox systems in combination with 
various reducing agents, such as alcohols, aldehydes, amines, acids, and  
amides [177, 178]. The essential properties of components constituting a redox pair 
for aqueous polymerisation of vinyl monomers is their solubility in water and fairly 
fast and steady liberation of active radicals [179]. Very short induction period and 
low activation energy (40-80 kJmol-1) allows the redox polymerisation to be carried 
out at low temperatures and gives high molecular weight polymers with a high  
yield [176]. 
Ceric ion (IV) has been well established as an oxidising ion for many reducing 
agents such as alcohols, acids, ketones, amines or thiols [180-184]. The redox 
initiation technique using Ce(IV) salts was applied to obtain graft polymers by 
creating radicals on the reducing agents, polymers with pendant hydroxyl groups. 
Starch and cellulose were modified with vinyl monomers, such as acrylonitrile and 
acrylamide [185]. Due to the fact that PEG is hydroxyl group terminated, it has been 
widely used as a reducing agent. Free radicals generated as a result of the redox 
reaction between Ce(IV) and –CH2OH groups allow also to prepare block-
copolymers of poly(ethylene glycol) with vinyl polymers, such as polyacrylamide, 
arylonitryle, vinylacetate and acrylic acid [177, 186, 187]. The polymerisation 
mechanism is schematically shown in Fig 23. 
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Fig. 23 Schematic reaction of redox polymerisation of acrylamide using Ce4+ as an 
oxidising agent 
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As a result of both bimolecular and unimolecular termination, the polymerisation 
product can be a mixture of AB, ABA and multi-segmented type of block 
copolymers [176, 188]. The synthesis of block copolymers by redox system provides 
numerous advantages over the other methods. Due to short induction period and low 
energy of activation, high yield and high molecular weight can be achieved under 
milder conditions than thermal polymerisation. Low temperatures reduce also side 
reactions minimising formation of homopolymers [189]. Another advantage of redox 
polymerisation is that it can be easily controlled by the concentration of reducing 
agent and oxidising ions. Arslan et al. [188, 190] reported polymerisation of methyl 
methacrylate (MMA) initiated by Ce(IV) in combination with reducing agents, such 
as polytetrahydrofuran diol, polycaprolactone diol and poly(glycid azide) diol. The 
effect of nitric acid, concentration of reducing agents and ceric ions was studied and 
reported. With decreasing concentration of acid the yield of the obtained block 
copolymer increased. The same trend was observed with increasing feed of reducing 
agent and ceric ions. According to their results from GPC, NMR, DSC and TGA 
multi-segmented type block copolymers were obtained. 
Redox polymerisation promises to produce water soluble polymers with multiple 
weak links on industrial scale at low cost. The same monomers could be used as in 
traditionally synthesised drag reducing agents with a small difference of utilising 
reducing agent and an oxidising ion as a redox couple, which would initiate the 
polymerisation. The whole system is simple and would allow for straightforward one 
pot polymerisation. This study was then focused on identifying a method to utilise 
redox polymerisation to obtain degradable water soluble polymers. 
 
 
65 
 
2: Experimental Section 
In this section the chemicals used for the synthesis and characterisation are listed. 
The synthesis procedures are described in details. All the experiments performed in 
order to characterise the synthesised polymers are also included, together with a 
description of the equipment used during the research presented here. 
 
2.1 Chemicals  
The following monomers were used for polymerisation: acrylamide (AM) (98%, 
BDH) was purified by re-crystallisation from acetone (99.5%, Fluka), N,N-
diamethyl(acrylamide) (DAM) was passed through basic alumina oxide (Aldrich) to 
remove inhibitors, other monomers such as acrylonitrile (99%, Aldrich), vinyl 
acetate (VAc) (99%, Fluka) and 2-acrylamido-2-methylpropanesulfonic acid 
(AMPS) (≥97%, Fluka) were used without further purification. 
Polymerisation was carried out in deionised water. Oxygen free nitrogen (BOC) was 
used for purging the polymerisation solution. Deionised water, from a water purifier 
Option 4 (Elga, UK), was used for all experiments. A triblock copolymer 
poly(lactide)-block-poly(ethylene glycol)-block-poly(lactide) (PLA/PEG/PLA) 
(Aldrich), 2,2'-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (VA-086) (98%, 
Wako Chemicals), polycaprolactone diol (PCL diol) with a molecular weight of 530 
Da, 1250 Da, 2000 Da (Aldrich), L-cystine (99%, Aldrich) were used as a reducing 
agents without further purification. Other chemicals, such as calcium hydride (95%, 
Aldrich), (3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione (L-lactide) (98%, Aldrich), 
ceric ammonium nitrate (98,5%, Fluka), 70% nitric acid (Aldrich), sodium dodecyl 
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sulphate (SDS) (≥99%, Aldrich), hydroquinone (≥99%, Aldrich), DL -dithiothreitol 
(≥99,0%, Fluka), poly(ethylene glycol) (PEG) 2000 (Aldrich), poly(ethylene glycol) 
8000 (Aldrich), polyacrylamide 5-6 million Da (PAM) (Polysciences, Inc.), sodium 
nitrate (≥98%, BDH), sodium azide (≥99%, Fluka), DL threitol (≥98%, Fluka), 
phosphorus pentoxide (≥99%, Aldrich), were used as received. The following 
solvents were used: chloroform (BDH), diethyl ether (BDH), hexane (BDH), 
methanol (BDH), acetone (BDH). For NMR analysis the deuterated solvents  
d6-DMSO (99.9%, Merk), D2O (99.9%, Aldrich) and d6-acetone (99,99%, Merck) 
were used. 
 
2.2. Synthesis and procedures for characterising PAM produced by redox 
initiation from PLA/PEG/PLA 
 
2.2.1. Synthesis of triblock copolymers PLA/PEG/PLA 
The procedure utilised for the synthesis of triblock copolymer PLA/PEG/PLA is 
adopted from work done by Rashkov et al. [101]. α, ω-Hydroxy terminated 
polyethylene glycol (PEG) (5g) was placed in a round bottom, free-necked flask. The 
flask was heated in an oil bath up to 65°C for 15 min under dry nitrogen. When PEG 
melted, nitrogen was bubbled through the melt for about 15 min. Then L-lactide (in 
1/4 PEG/L-lactide molar ratio) and CaH2 (at a 1/1 molar ratio with respect to the 
hydroxyl groups of PEG) were added. Then the mixture was degassed using a 
vacuum pump and the temperature was raised to 145°C and maintained constant for 
15h. The product was recovered with chloroform, precipitated in diethyl ether at  
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-10°C, dried in a desiccator under reduced pressure and stored over phosphorus 
pentoxide. 
 
2.2.2. Polymerisation of acrylamide initiated by redox initiation from 
PLA/PEG/PLA  
The reducing agent PLA/PEG/PLA and the monomers were charged in appropriate 
amounts (Table 1) into a one neck round bottom flask and dissolved in 3 ml of 
deionised water. The flask was sealed with a suba-seal with a nitrogen inlet and 
outlet in order to purge the obtained solution with nitrogen for 20 min prior to the 
polymerisation. In the meanwhile ceric ammonium nitrate solution was prepared by 
dissolving a predetermined amount of ceric ammonium nitrate in 1N nitric acid 
solution and purged with nitrogen for 1 min. Once the polymerisation mixture was 
deoxygenated, the ceric solution was injected into the polymerisation mixture and 
purged for another 5 min. Afterwards the inlet and outlet needles were removed from 
the suba-seal. The whole reaction was carried out in the dark under nitrogen at 
temperatures ranging from 26°C to 40°C for 2 h. The obtained product was 
recovered by precipitation in acetone. The precipitation was followed by filtration 
and multiple washing with acetone in order to remove most of the non-reacted 
reducing agent, monomers and oligomers. Finally, the precipitate was dried to 
constant weight in a desiccator under reduced pressure and stored over phosphorus 
pentoxide. The yield of the reaction Y  was determined by gravimetric method: 
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                                                                                             (3) 
where Wp is the weight of the precipitated product and Wm and Wr are the weight of 
the monomers and the reducing agent used, respectively. 
 
Sample  AM/Vac 
[g] 
[mmol] 
PLA/PEG/PLA 
[g] 
[mmol] 
Ce+4 
[g] 
[mmol] 
HNO3 
[ml] 
Temperature 
[°C] 
P1* 0.625/0.035 
8.8/0.4 
0.3 
0.11 
0.125 
0.22 
0.25 26 
P2* 0.625/0.0 
8.8/0.0 
0.3 
0.11 
0.125 
0.22 
0.25 26 
P3* 0.625/0.0 
8.8/0.0 
0.6 
0.22 
0.125 
0.22 
0.25 26  
P4* 0.625/0.0 
8.8/0.0 
0.3 
0.11 
0.0625 
0.11 
0.25 26 
P5* 0.625/0.0 
8.8/0.0 
0.15 
0.058 
0.0625 
0.11 
0.25 26 
P6* 0.625/0.0 
8.8/0.0 
0.05 
0.019 
0.0198 
0.036 
0.25 26 
P7** 0.625/0.0 
8.8/0.0 
0.15 
0.018 
0.0198 
0.036 
0.25 26 
P8** 0.625/0.0 
8.8/0.0 
0.15 
0.018 
0.0198 
0.036 
0.35 26 
P9** 0.625/0.0 
8.8/0.0 
0.15 
0.018 
0.0198 
0.036 
0.5 26 
P10*** 0.625/0.0 
8.8/0.0 
0.15 
0.011 
0.0625 
0.11 
0.25 26 
P11*** 0.625/0.035 
8.8/0.4 
0.15 
0.011 
0.0625 
0.11 
0.25 26 
P12*** 0.625/0.0 
8.8/0.0 
0.15 
0.011 
0.0625 
0.11 
0.25 40 
*Acrylamide initiated from PLA288/PEG2000/PLA288 
**Acrylamdie initiated from PLA288/PEG8000/PLA288 
***Acrylamide initiated from PLA2000/PEG10000/PLA2000 
Table 1: Conditions for polymerisation of acrylamide initiated from PLA/PEG/PLA 
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2.2.3 Hydrolytic degradation of PAM produced by redox initiation from 
PLA/PEG/PLA  
GPC measurements for the hydrolytic degradation of polyacrylamide synthesised via 
redox polymerisation, when triblock copolymer PLA/PEG/PLA was used as the 
reducing agent, were performed by Smithers Rapra. The solutions were prepared by 
adding an appropriate volume of buffer solution (pH 3) to each sample to give 
concentrations of approximately 2 mg/ml. The solutions were thoroughly mixed for 
at least 4 h and then filtered through a 0.45 μm PVDF membrane. The samples were 
kept at a constant temperature of 30°C and removed periodically (4 h, 24 h, 4 days 
and 6 days) for the analysis of molecular weight by gel permeation chromatography. 
The GPC system used for these samples was equipped with a PL aquagel guard 
column and 2 x mixed-OH columns. 0.3M NaNO
3 
and 0.01M NaH
2
PO
4
 water 
solution at pH 3 and 30°C was used as a mobile phase at the flow rate of 1.0 ml/min. 
Conventional calibration with polyethylene oxide calibrants was used to determine 
"PEO equivalent" molecular weights of the studied polymers.  
 
2.2.4 Determination of PLA/PEG/PLA degradation under polymerisation 
conditions 
The stability of the synthesised and commercial triblock copolymers PLA/PEG/PLA 
was tested under polymerisation conditions. PLA288/PEG2000/PLA288 and 
PLA2000/PEG10000/PLA2000 were placed in round bottom flasks and dissolved in 6 ml 
of deionised water. This was followed by addition of 0.5 ml of 1N nitric acid. The 
polymers were stirred for 2 h at 26°C and then freeze dried using Heto Power Dry 
LL 1500 (Thermo Scientific, UK). Both triblock copolymers PLA/PEG/PLA were 
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analysed by comparing their H1-NMR spectra in d6-DMSO before and after 
subjecting them to polymerisation conditions. 
 
2.3 Synthesis and characterisation procedures for PAM produced by 
redox initiation from PCL diol 
 
2.3.1 Micellar polymerisation of acrylamide initiated by redox initiation 
from PCL diol  
Micellar polymerisation of acrylamide initiated from PCL diol was carried out in a 
10 ml one-necked round bottom flask, equipped with a suba-seal. An appropriate 
amount of monomers, surfactant and polycaprolactone diol (Table 2) were placed in 
the reaction flask and dissolved in 3 ml of deionised water. First, the mixture was 
heated to 55°C for 10 min in order to increase solubility of polycaprolactone diol in 
the surfactant micelles. Next the flask containing the polymerisation mixture was 
equilibrated in an oil bath for 5 min at 40°C. The solution of cerium ammonium 
nitrate was prepared by dissolving a predetermined amount of cerium ammonium 
nitrate in 0.30 ml 1M NaNO3 (Table 2). Next the polymerisation mixture was 
equilibrated, it was purged with nitrogen for 5 min before and then 1 min after the 
pre-prepared cerium ammonium nitrate solution was injected. The polymerisation 
was carried out for 2 h. Afterwards the synthesised product was precipitated in an 
excess of acetone and then filtered. The precipitate was re-dissolved in water and 
precipitated in acetone for the second time in order to remove most of the un-reacted 
monomers and entrapped polycaprolactone diol. The collected product was washed 
 
71 
 
three times with a small amount of acetone and then filtered. Finally the precipitate 
was dried to constant weight in a desiccator under reduced pressure. The yield of the 
reaction was determined using gravimetric method (equation 1). The obtained 
products were stored in a desiccator over P2O5. 
Sample  AM/VAc 
[g] 
[mmol] 
PCL diol 
[g] 
[mmol] 
Ce+4 
[g]  
[mmol] 
SDS 
[g] 
[mmol×L-1] 
M1 0.625/0.035 
8.8/0.4 
0.1 
0.19 
0.125 
0.23 
0 
M2 0.625/0.035 
8.8/0.4 
0.1 
0.19 
0.125 
0.23 
0.0043 
4 
M3 0.625/0.035 
8.8/0.4 
0.1 
0.19 
0.125 
0.23 
0.0086 
8 
M4 0.625/0.035 
8.8/0.4 
0.1 
0.19 
0.125 
0.23 
0.026 
23 
M5 0.625/0 
8.8/0.0 
0.1 
0.19 
0.125 
0.23 
0.0086 
8 
M6 0.625/0 
2.9/0.0 
0.1 
0.19 
0.125 
0.23 
0.026 
23 
M7 0.625/0.035 
8.8/0.4 
0.1 
0.19 
0.025 
0.05 
0.026 
23 
M8 0.625/0.035 
8.8/0.4 
0.1 
0.19 
0.008 
0.015 
0.026 
23 
M9* 0.625/0.035 
8.8/0.4 
0.1 
0.08 
0.125 
0.23 
0.026 
23 
M10** 0.625/0.035 
8.8/0.4 
0.1 
0.05 
0.125 
0.23 
0.026 
23 
(*) PCL diol 1250 Da has been used as a reducing agent 
(**) PCL diol 2000 Da has been used as a reducing agent 
Table 2: Formulation for polymerisation of acrylamide initiated from PCL diol 
 
2.3.2 Evaluation method for testing the amphiphilic character of 
poly(acrylamide-co-caprolactone)  
Amphiphilic polymers can be used for stabilisation of emulsions [191]. In order to 
test if the acrylamide initiated from PCL diol via redox polymerisation contains both 
hydrophilic (PAM) and a hydrophobic part (PCL), 50:50 hexane/water emulsions 
were prepared and their stability assessed. First, 2 mg of the synthesised copolymer 
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was dissolved in 2 ml of deionised water overnight on a shaker tray at 200 osc/min. 
Afterwards, 2 ml of hexane was added to the prepared polymer solutions and the 
mixture was shaken by hand for about 30 s at approximately 7 Hz. For the 
comparison the same mixture was prepared with pure polyacrylamide. The stability 
of the emulsions was studied visually. 
 
2.3.3 Degradation of PAM synthesised by redox initiation from PCL diol  
Degradation studies of PAM synthesised by redox initiation from PCL diol were 
performed using GPC. The polymer solutions were prepared by adding an 
appropriate volume of water (pH 11) to give concentrations of 1 mg/ml. The pH of 
water was achieved by using 0.1 M NaOH. The pH was measured with an FB 68800 
Fisherbrand pH combination electrode (Fisher Scientific, U.K.). To ensure good 
dissolution of the polymers, the solutions were kept on the shaker tray  
at 200 osc/min for 4 hours prior to the first measurement. The molecular weight of 
the samples was measure using GPC. Afterwards the polymer solutions were 
incubated at a temperature of 30ºC for three days and then the molecular weight was 
measured again. 
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2.4 Synthesis and characterisation procedures for PAM and  
P(DAM-co-AMPS) synthesised by redox initiation from 2,2’-azobis[2-
methyl-N-(2-hydroxyethyl)propionamide] 
 
2.4.1 Polymerisation of acrylamide and its derivatives initiated by redox 
initiation from 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] 
Monomers and 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] (VA-086) 
were dissolved in 12 ml of deionised water and charged into a one-neck round 
bottom flask. The amounts of reagents for the polymerisation of acrylamide are 
summarised in Table 3 and for the copolymerisation of N,N-diamethyl(acrylamide) 
(DAM) and 2-acrylamido-2-methylpropanesulfonic acid (AMPS) in Table 4.  
The polymerisation solution was purged with nitrogen for 20 min while a ceric 
solution was prepared by dissolving ceric ammonium nitrate in 1 ml of 1N nitric 
acid. After purging with nitrogen, the ceric solution was injected into the reaction 
vessel. The reaction mixture was purged with nitrogen for another 5 min. The whole 
reaction was carried out in the dark under nitrogen at 26ºC for times ranging  
from 2.5 h to 3.5 h. The synthesised product was recovered by precipitation in 
methanol, which was followed by filtration and multiple washing with methanol in 
order to remove most of the non-reacted initiator, monomer and oligomers.  
Finally, the precipitate was dried to constant weight in a desiccator under  
reduced pressure. The yield of the reaction Y was determined using the gravimetric 
method (equation 1). 
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Sample AM/VAc 
[g] 
[mmol] 
VA-086 
[g] 
[mmol] 
Ce+4 
[g] 
[mmol] 
Polymerisation 
time 
[h] 
T1 2.5/0.14 
35/1.6 
0.02 
0.07 
0.08 
0.14 
2.5 
T2 2.5/0.14 
35/1.6 
0.06 
0.21 
0.23 
0.42 
2.5 
T3 2.5/0.14 
35/1.6 
0.12 
0.42 
0.46 
0.84 
2.5 
T4 2.5/0.14 
35/1.6 
0.12 
0.42 
0.46 
0.84 
3.5 
T5 2.5/0.14 
35/1.6 
0.12 
0.42 
0.08 
0.14 
2.5 
T6 2.5/0.14 
35/1.6 
0.3 
1.0 
1.12 
2.0 
2.5 
T7 2.5/0.14 
35/1.6 
0.6 
2.0 
0.56 
1.0 
3.0 
T8 2.5/0.14 
35/1.6 
0.6 
2.0 
1.12 
2.0 
3.0 
Table 3: Formulation for polymerisation of acrylamide initiated from 2,2’-azobis[2-
methyl-N-(2-hydroxyethyl) propionamide] 
 
Sample  DAM/AMPS/VAc 
[g] 
[mmol] 
VA-086 
[g] 
[mmol] 
Ce+4 
[g] 
[mmol] 
T 
[°C] 
T9 2.4/2.16/0 
24.2/10.4/0 
0.04 
0.14 
0.16 
0.29 
26 
T10 2.4/2.16/0 
24.2/10.4/0 
0.02 
0.07 
0.08 
0.14 
26 
T11 2.4/2.16/0.14 
24.2/2.10/1.6 
0.02 
0.07 
0.08 
0.14 
26 
T12 2.4/2.16/0.14 
24.2/2.10/1.6 
0.02 
0.07 
0.08 
0.14 
30 
All polymerisations were carried out for 2.5 h 
Table 4: Formulations for polymerisation of N,N-dimethyl(acrylamide) and  
2-acrylamido-2-methylpropanesulfonic acid initiated from 2,2’-azobis[2-methyl-N-
(2-hydroxyethyl) propionamide] 
 
Before conducting further experiments the polymer was purified further by dialysis 
in deionised water. For the dialysis a dialysis tube with a molecular weight cut off of 
3500 Da (Fisher Scientific) was used. 
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2.4.2 Polymerisation of acrylamide initiated by redox initiation from PEG 
Polyacrylamide was synthesised using poly(ethylene glycol)/Ce(IV) as redox couple. 
Hydroxyl-terminated Poly(ethylene glycol) was chosen as a non-degradable reducing 
agent which is also well known to form a redox system with Ce(IV) [189, 192, 193]. 
The same polymerisation procedure as outlined before was followed in order to 
produce non-degradable PAM using the same conditions as PAM containing azo-
groups in the backbone. 0.1 g (0.05 mmol) of poly(ethylene glycol) 2000 Da was 
used with the same amount of monomers as for the polymerisation of acrylamide 
initiated using VA-086. Ceric solution (0.055 g (0.1 mmol) of Ce(IV) in 1 ml of 1N 
nitric acid) was added to the reaction vessel after purging the monomer solution 
containing the PEG reducing agent for 20 min with nitrogen. The whole reaction was 
carried out in the dark under nitrogen at 35ºC for 2.5 h. The synthesised product was 
recovered and purified the same way as PAM initiated using 2,2’-azobis[2-methyl-N-
(2-hydroxyethyl) propionamide]. 
 
2.4.3 Effect of time on the yield of the acrylamide polymerisation initiated 
using 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] 
The yield of acrylamide initiated using 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) 
propionamide] was studied with time. In order to perform this experiment the same 
polymerisation procedure was followed as described before and the formulation used 
was the same as for the sample T5. 1.5 ml of the polymerisation solution was 
withdrawn periodically, after 20 min, 40 min, 60 min, 90 min, 120 min and 180 min. 
It was followed by precipitation of the withdrawn sample into 3 vials with methanol 
(0.5 ml of polymerisation solution was precipitated into each vial). The precipitate 
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was dried to constant weight in a desiccator under reduced pressure. The yield Y was 
determined using the gravimetric method (equation 1). 
 
2.4.4 Determination of 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) 
propionamide] content in the polyacrylamide backbone 
 
Based on H1-NMR spectra, the 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) 
propionamide] (VA-086) content in the polymer backbone was calculated using 
following equation: 
100
6
]086[
06.156.1
06.1 ×
+
=−
II
I
VA [mol%]                                                                    (4) 
where I1.06 is integrated peak area of the CH3 protons of 2,2’-azobis[2-methyl-N-(2-
hydroxyethyl)propionamide] at 1.06 ppm and I1.56 is integrated peak area of the CH2 
of polyacrylamide at 1.56 ppm (Fig. 64).  
 
The calculated content of the reducing agent was used to determine number of weak 
links per PAM chain (Nl): 
086
100
]086[
−
×
−×
=
VA
M
VAM
N wl                                                                                               (5) 
where Mw is the weight-average molecular weight of PAM containing azo 
functionalities and MVA-086 is the molecular weight of the 2,2’-azobis[2-methyl-N-(2-
hydroxyethyl)-propionamide] 
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2.4.5 Synthesis of acrylamide-acrylonitrile copolymer using PAM 
containing azo-functionalities as a macroinitiator 
In order to quickly check if the azo-groups incorporated into the backbone of 
polyacrylamide were still active and decompose when subjected to elevated 
temperatures, polyacrylamide initiated from 2,2’-azobis[2-methyl-N-(2-
hydroxyethyl)-propionamide] was used as a macromolecular free radical initiator to 
initiate the polymerisation of acrylonitrile. Acrylonitrile was selected because it is 
water soluble, while polyacrylonitrile precipitates from water solution, which allows 
to easily observe the success of the polymerisation. 0.04 g of purified azo-group 
containing PAM was dissolved in 20 ml of water together with 0.08 g  
(1.5 mmol) of acrylonitrile. The solution was purged with nitrogen for 20 min and 
placed in an oven at 86ºC for 15 h for polymerisation. 
In order to determine the number of chain scissions per molecule during the 
polymerisation of acrylonitrile, a solution of PAM containing azo functionalities was 
heated at 86ºC for 15 h with 200 ppm of hydroquinone as a radical scavenger.  
The number of chain scission (Ns) in the polymer backbone can be calculated using 
following equation: 
1−=
wad
wbd
s M
MN
                                                                                                                  (6)
 
where wbdM  and wadM  are weight average molecular weight of the polymer before 
and after degradation. 
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2.4.6 Degradation behaviour of aqueous PAM containing azo 
functionalities solutions 
Aqueous solutions with different concentrations of PAM containing azo 
functionalities were prepared. A pre-determined amount of polyacrylamide 
containing azo functionalities was dissolved in deionised water overnight on a shaker 
tray at 200 osc/min. The polymer solutions were subjected to an elevated temperature 
of 86°C. This temperature was chosen as it is the 10 h half-life decomposition 
temperature of 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)-propionamide]. After a 
certain period of time a sample of 0.5 mg was taken and freeze dried. Afterwards the 
sample was re-dissolved in 3 ml of deionised water in order to determine the 
molecular weight of the polymer using GPC. 
 
2.4.7 Degradation of PAM containing azo-functionalities in the backbone 
Degradation of PAM containing azo groups was carried out at a temperature of 86°C. 
A water solution with a polymer concentration of 0.75 mg/ml was prepared and  
200 ppm of hydroquinone was added in order to scavenge any radicals created. The 
percentage of degradation was calculated using the following equation: 
100[%]
0
0 ×
−
=
pt
ptpt
M
MM
nDegradatio x                                                                       (7) 
where 
0pt
M  is the peak molecular weight of the polymer before degradation and
xpt
M is the peak molecular weight of the polymer after exposing it at 86°C for a 
certain time. Mp was determined using GPC. 
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2.4.8 Determination of the drag reduction efficiency of the synthesised 
polymers 
Drag reduction measurements of polyacrylamide initiated from PEG and 
polyacrylamide containing azo-functionalities in the backbone were carried out using 
a universal dynamic rheometer Physica UDS 200 (Paar Physica, Inc., Germany) 
equipped with a double-gap Couette geometry. The aspect ratio )/( *δH=Γ is 222, 
where *δ is the gap between the rotor and stator ∗δ = 0.5 mm (Fig. 24). Above a 
minimum value of the angular velocity of the rotor, Taylor vortices appear in the 
outer half of the measuring geometry. 
 
Fig. 24 A schematic illustration of the double-gap measuring geometry with axial 
symmetry 
 
For all drag reduction measurements 17 ml sample was used. The temperature was 
fixed to 25.0 ±  0.5ºC using a water circulatory thermostat. Polymer samples for the 
drag reduction measurements were prepared by dissolving a predetermined amount 
of PAM in deionised water. Samples were shaken at 200 osc/min on a shaker tray 
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overnight. Prior to the measurements, the polymer solutions were filtered using a 
syringe filter with a pore size of 0.45 µm. The drag reduction efficiency, the 
percentage drag reduction (%DR), was calculated using following equations  
[194, 195]: 
 
                                                     (8) 
where solventsolutionN
/η  is the normalised viscosity of the solvent and solution, 
respectively. They are defined as follows: 
solution
onsetTaylor
solution
areaTaylor
solution
N ηηη −=                                                                                     (9) 
solvent
onsetTaylor
solvent
areaTaylor
solvent
N ηηη −=                                                                                    (10) 
onsetTaylorareaTaylorN nnn −=                                                                                         (11) 
where solventsolutionareaTaylor
/η  and solventsolutiononsetTaylor
/η  is the apparent viscosity in the Taylor area and 
at the Taylor onset, respectively and Nn  is a normalised rotor speed. 
The viscosity at the Taylor onset was determined by measuring the apparent 
viscosity with increasing rotational speed of the rotor. Taylor onset can be observed 
as a rapid change in viscosity caused by the formation of Taylor vortices (Fig. 25). 
The viscosity in the Taylor area (Fig. 26) was measured at 2000 rpm of the rotor 
speed. 2000 rpm rotor speed corresponds to a shear rate of 10,000 s-1, which is 
comparable to the shear rate in a pipe during hydraulic fracturing. During first 30 s 
sample was deaerated by subjecting it to the low shear rates, followed by the increase 
constant
100100
=



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of the rotational shear of the rotor in order to measure the apparent viscosity in the 
Taylor area.  
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Fig. 25 Apparent viscosity as a function of rotor speed of rotation of 25 ppm of 
polyacrylamide of molar mass 5-6 million Da in water at a temperature of 25 °C 
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Fig. 26 Apparent viscosity at the constant rotor speed of rotation as a function of 
time of 25 ppm of polyacrylamide of molar mass 5-6 million Da in water at a 
temperature of 25°C 
 
2.5 Synthesis and characterisation procedures of PAM synthesised by 
redox initiation from L-cystine 
 
2.5.1 Synthesis of acrylamide initiated by redox initiation from L-cystine 
The monomers 2.5 g (35 mmol) of acrylamide with 0.14 g (1.6 mmol) of vinyl 
acetate, 0.05 g (0.17 mmol) of the reducing agent L-cystine and 12 ml of deionised 
water were placed in a 10 ml one-neck round bottom flask. The flask was sealed with 
a suba-seal equipped with a nitrogen inlet and outlet. The polymerisation mixture 
was purged with nitrogen for 20 min before and 5 min after injecting the ceric 
solution. The ceric solution was prepared by dissolving 0.20 g (0.35 mmol) of cerium 
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ammonium sulphate in 1.3 ml 1N HNO3. Polymerisation was carried out in the dark 
under nitrogen at 35ºC for 3 h. The product was recovered by precipitation in 
acetone, which was followed by filtration and multiple washing with acetone in order 
to remove most of the non-reacted monomers. The synthesized polymer was dialysed 
in water in order to remove non-reacted reducing agent and remaining monomers and 
oligomers. The yield of the reaction was determined using the gravimetric method 
(equation 1). 
 
2.5.2 Reduced viscosity measurements to evaluate the degradation of 
PAM produced by initiation from L-cystine  
Degradation behaviour of acrylamide initiated from L-cystine was studied by 
measuring the reduced viscosity using an Ubbelohde viscometer. The polymer 
solution was prepared by dissolving 0.01 g of PAM initiated from L-cystine in 10 ml 
of deionised water. The prepared solution was equilibrated at 25°C and 0.15 g of the 
reducing agent DL threitol was added. The polymer solution and DL threitol was 
filtered through a syringe filter (0.22 µm) into an Ubbelohde viscometer. The efflux 
time of the aqueous polymer solution was measured at 25°C in 10 min intervals. The 
relative viscosity reη was determined as follows: 
solvent
solution
re t
t
=η
                                                                                                            (10)
 
where solutiont  is the efflux time of the polymer solution and solventt  in the efflux time 
of the solvent 
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2.6 Characterisation methods for studying synthesised polymers 
 
2.6.1 Nuclear magnetic resonance spectroscopy 
NMR spectra of the synthesised polymers and their initiators were recorded  
on a 2 channel DRX-400 spectrometer (Bruker, Germany) using d6-DMS, D2O or  
d6-acetone as solvents. Chemical shifts are expressed in parts per million (ppm, δ). 
The errors of the integration measurements were limited by the accuracy - 
approximately 5%. 
 
2.6.2 Differential scanning calorimetery 
The thermal behaviour of the synthesised polymers and control samples was 
examined using a differential scanning calorimeter DSC Q2000 (TA Instruments, 
USA). The differential scanning calorimeter was calibrated using indium and zinc 
standards to cover the whole temperature range. Samples were weighted into 
aluminium tzero pan with a hermetic tzero lid and measured in helium atmosphere.  
 
2.6.3 Fourier transform infrared spectroscopy 
The FT-IR spectra of the polymers were recorded with a Fourier-transform IR 
spectrometer (Perkin Elmer - model Spectrum 100, UK).The range of acquisition 
was from 4000 to 500 cm−1 at a resolution of 1 cm−1. Twenty scans were acquired for 
each measurement. 
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2.6.4 Gel permeation chromatography 
The molecular weight of the synthesised polymers was determined by gel permeation 
chromatography (GPC) using PL-GPC 50 (Polymer Laboratories, UK) with 
integrated triple detection system, including refractive index (PL-RI), viscometer 
(PL-BV 400RT) and light scattering (PL-LS) detectors using two TSK-Gel columns 
(TOSOH, Japan). A 0.1N NaNO3 containing 200 ppm NaN3 water solution at 25°C 
was used as a mobile phase. A flow rate of 0.7 ml/min was used. Samples were 
filtered through a 0.22 µm water filter before analysis. Poly(ethylene glycol) 
standards (Polymer Laboratories, UK) were used for calibration. The data were 
analyzed using PL Cirrus GPC software (version 3.0) (Polymer Laboratories, UK).  
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3: Redox polymerisation of acrylamide initiated 
from triblock PLA/PEG/PLA copolymer 
 
3.1 Introduction 
Redox polymerisation of acrylamide initiated from poly(ethylene glycol)/Ce(IV) has 
been frequently studied [192, 196, 197]. Due to the presence of two hydroxyl groups 
on both ends of a PEG molecule, it can be expected that at least one PEG chain is 
incorporated in the middle of the polymer backbone. If a degradable group is 
introduced into a backbone of the reducing agent, vinyl polymers containing 
degradable groups should be obtained. Poly(lactic acid), as one of the most studied 
degradable polymers, was chosen as a component which could confer degradability 
to the polyacrylamide [82, 94, 198]. In this chapter a triblock copolymer poly(lactic 
acid)-b-poly(ethylene glycol)-b-poly(lactic aicd) (PLA/PEG/PLA) was synthesised 
to create a reducing agent with labile groups and two functional groups on both ends. 
Poly(ethylene glycol)s with molecular weight 2,000 Da and 8,000 Da were used to 
synthesise reducing agents with different lengths of the PEG unit, 
PLA288/PEG2000/PLA288 and PLA288/PEG8000/PLA288, respectively. Triblock 
copolymers poly(lactic acid)-b-poly(ethylene glycol)-b-poly(lactic aicd) are 
commercially available, however  they are not soluble in water apart of one with a 
hydrophilic PEG unit with a molecular weight of 10,000 Da and hydrophobic PLA 
unit of molecular weight 2,000 Da (PLA2000/PEG10000/PLA2000). 
PLA2000/PEG10000/PLA2000 was purchased and used as reducing agent to initiate 
polymerisation of acrylamide. The results of this study are presented in this chapter 
followed by the discussion and conclusions. 
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3.2.1 Results of the synthesis of PLA/PEG/PLA  
Two different triblock copolymers were synthesised using a different molecular 
weight of poly(ethylene glycol) 2000 Da (PLA288/PEG2000/PLA288) and 8000 Da 
(PLA288/PEG8000/PLA288). The amount of L-lactide and PEG was kept at a 1/4 molar 
ratio for both starting PEG’s. The products of the reaction between PEG and  
L-lactide in the presence of CaH2 were slightly yellowish and could be synthesised 
with a very high yield of more than 98%. The obtained triblock copolymers 
PLA288/PEG2000/PLA288 and PLA288/PEG8000/PLA288 were readily soluble in water, 
whereas, PLA2000/PEG10000/PLA2000 had to be stirred in water for about an hour to 
dissolve completely. The slower dissolution of PLA2000/PEG10000/PLA2000 is a result 
of a higher ratio of the hydrophobic part to the hydrophilic one. 
The H1-NMR spectra for all three triblock copolymers PLA/PEG/PLA show  
similar characteristic and they are in agreement with those reported in the  
literature [98, 199]. The H1-NMR spectrum of PLA288/PEG2000/PLA288 is presented in 
Fig. 27. Peaks positioned in the 5.2 - 5.0 ppm range and in the 1.5 - 1.4 ppm range 
belong to PLA blocks. Because the PEG block is long compared to the PLA block, 
the signals of the main chain methylene units within PEG in the 3.7 - 3.3 ppm range 
are very intensive. The presence of the peaks from methylene protons of PEG (PLA-
COO-CH2), and CH protons of the hydroxylated lactyl end units in the 4.3 - 4.1 ppm 
range and methyl protons of the end groups in the 1.3 - 1.2 ppm was confirmed. No 
peaks coming from the carboxylated lactyl end units in the range 4.9 - 5.0 ppm could 
be observed, which suggests that homopolymerisation of L-lactide did not take place 
during the synthesis of the PLA/PEG/PLA triblock-copolymer [200]. 
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The homopolymerisation of L-lactide was also excluded after analysis of C13-NMR 
spectra of PLA/PEG/PLA (Fig. 28). The lack of the signal from free unesterified 
lactyl end units in the 171.5 - 172 ppm range proves that no PLA oligomers are 
present in the obtained product. The rest of the carbon atoms belonging to the 
different units of the analysed copolymer were identified and assigned. Carbons in 
the methyl groups can be found in the 16 - 21 ppm range. The number of peaks in the 
62 - 72 ppm range is coming from the carbons in the methylene (CH2) groups of 
PEG blocks and carbons in the methine groups of PLA blocks. All the peaks in the  
168 - 174 ppm range can be assigned to the carbonyl groups of the PLA repeating 
units. 
 
 
Fig. 27 H1-NMR spectrum of synthesised triblock copolymer 
PLA288/PEG2000/PLA288 in d6-DMSO 
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Fig. 28 C13-NMR spectrum of the synthesised triblock copolymer 
PLA288/PEG2000/PLA288 in d6-DMSO 
 
For comparison the H1-NMR of the commercial triblock copolymer 
PLA2000/PEG10000/PLA2000 was analysed (Fig. 29). From the integration it can be 
clearly seen, that in the commercial copolymer, the PLA blocks are much longer than 
in case of the synthesised PLA288/PEG2000/PLA288. The integration ratio of methine 
units in the middle of PLA bolcks (5.00 - 5.25 ppm) and PLA methine units next to 
PEG (5.35 - 5.55 ppm) is 11.72 for the commerical PLA2000/PEG10000/PLA2000 and 
1.77 for the PLA288/PEG2000/PLA288. These results are in a good agreement with data 
provided by manufacturer for PLA2000/PEG10000/PLA2000 and feed ratio of the 
PLA288/PEG2000/PLA288 confirming that the hydrophobic block of PLA in 
PLA2000/PEG10000/PLA2000 is aproximately 7 times longer than the PLA chain in 
PLA288/PEG2000/PLA288. Hence, as one could expect, due to much stronger 
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hydrophobic interration of PLA block, dissolution of PLA2000/PEG10000/PLA2000 in 
water was significantly slower.  
 
Fig. 29 H1-NMR spectrum of the triblock copolymer  
PLA2000/PEG10000/PLA 2000 in d6-DMSO 
 
The H1-NMR and C13-NMR spectra confirmed the structures of triblock copolymers 
PLA/PEG/PLA presented in Fig. 30 and all the peaks on the spectrum were assigned 
to particular protons and carbons in the molecule. 
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Fig. 30 Chemical structures of the PLA/PEG/PLA 
 
3.2.2 Polymerisation of acrylamide initiated by redox initiation from 
PLA/PEG/PLA 
The initiation of acrylamide from triblock copolymer PLA/PEG/PLA is likely to 
proceed via the formation of a radical as a result of the redox reaction between 
Ce(IV) ions and hydroxylated carbons. The formed radical should be stable enough 
to start a radical polymerisation of vinyl monomers. The reaction steps may be 
represented as follows:  
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Fig. 31 Reaction scheme of the polymerisation of acrylamide initiated from triblock 
copolymer PLA/PEG/PLA 
 
Three different triblock copolymers were used as reducing agents to initiate the 
polymerisation of acrylamide. Two were synthesised using poly(ethylene glycol) 
with a molecular weight 2000 Da (PLA288/PEG2000/PLA288) and 8000 Da 
(PLA288/PEG8000/PLA288). The third one with a number average molecular weight of 
the poly(ethylene)glycol block of 10000 Da and poly(lactic acid) block 2000 Da 
(PLA2000/PEG10000/PLA2000) was purchased from Aldrich. As discussed in the 
previous paragraph the triblock copolymers PLA288/PEG2000/PLA288 and 
PLA288/PEG8000/PLA288 were readily soluble in water, whereas, for 
PLA2000/PEG10000/PLA2000 it took at least one hour to dissolve. In order to make sure 
that PLA2000/PEG10000/PLA2000 was dissolved completely, it was stirred in water 
together with acrylamide for 4 h before the Ce(IV) solution was added and then the 
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polymerisation was carried out for 2 h as described in the experimental part.  
After 2 h, in case of samples P10 - P11, the polymerisation solution was still yellow 
from non-reduced Ce(IV) and had very low viscosity. In comparison, when 
PLA288/PEG2000/PLA288 and PLA288/PEG8000/PLA288 were used, the polymerisation 
mixture after 2 h became transparent and viscous. These observations are reflected in 
the yield and molecular weight of the obtained polymers (Table 5). 
 
Sample Yield 
[g] 
[%] 
Mw 
[kDa] 
P1* 0.4993 
52 
38 
P2* 0.5359 
58 
35 
P3* 0.5672 
46 
29 
P4* 0.7038 
76 
62 
P5* 0.5621 
72 
80 
P6* 0.5781 
86 
260 
P7** 0.5832 
75 
500 
P8** 0.4805 
62 
472 
P9** 0.4204 
53 
389 
P10*** 0.0314 
4 
6 
P11*** 0.0403 
5 
7 
P12*** 0.0547 
7 
17 
* Acrylamide initiated from PLA288/PEG2000/PLA288 
**Acrylamide initiated from PLA288/PEG8000/PLA288 
***Acrylamide initiated from PLA2000/PEG10000/PLA288 
Table 5: Yield and weight average molecular weight (Mw) of polyacrylamide 
synthesised by redox initiation from PLA/PEG/PLA 
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When preparing samples P7 – P9 the concentration of nitric acid was varied from  
0.6 M to 0.13 M to study the effect of the HNO3 concentration on the yield of the 
polymerisation and the molecular weight of the synthesised PAM. It can be clearly 
observed that the yield and molecular weight are increasing with decreasing acid 
concentration. The initiation of the polymerisation under identical condition using 
different reducing agents PLA288/PEG2000/PLA288 and PLA288/PEG8000/PLA288, where 
PEG spacing varied significantly, was also studied. Looking at the results for 
samples P6 and P7, it was observed that with the increasing length of PEG chain 
both the yield and molecular weight increased as well. This could be explained by 
increased viscosity of the solution caused by the longer chains of the reducing agent, 
hence slower diffusion and retarded termination of the polymerisation. However, 
when the amount of the reducing agent was doubled in sample P3 compared to 
sample P2, both the yield and the molecular weight decreased. Larger amount of 
reducing agent provides more primary radicals, hence observed decrease of the 
molecular weight. The decrease of the polymerisation yield in this case can be 
simply explained by the large amount of reducing agent used to initiate the 
polymerisation, which on most occasions was not incorporated into the polymer 
backbone, hence the lower yield. The influence of vinyl acetate on the 
polymerisation yield and molecular weight of the obtained polymers was also 
studied. According to the literature [193], the addition of a small amount of vinyl 
acetate (VAc) to the polymerisation of acrylamide initiated from a PEG/Ce(IV) 
redox couple, increases both the polymerisation yield and molecular weight. 
However, comparing sample P1 and P2 no significant differences were observed in 
this study. Neither vinyl acetate nor the increased temperature did increase the yield 
of the acrylamide polymerisation initiated from PLA2000/PEG10000/PLA2000. Very low 
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yields and low molecular weights of polyacrylamide were obtained for samples P10 - 
P11. In Fig. 32 and Fig. 33 H1-NMR spectra of polyacrylamide initiated from 
PLA288/PEG2000/PLA288 and PLA2000/PEG10000/PLA2000 are presented, respectively. 
 
 
Fig. 32 H1-NMR spectrum of polyacrylamide synthesised by redox initiation from 
PLA288/PEG2000/PLA288 (P5) in D2O 
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Fig. 33 H1-NMR spectrum of polyacrylamide synthesised by redox initiation from 
PLA2000/PEG10000/PLA2000 (P11) in D2O 
 
The methylene and methine protons from polyacrylamide appeared as broad peaks in 
the range from 1.3 to 1.8 ppm and from 2.1 to 2.4 ppm, respectively. The small peak 
at 3.6 ppm corresponds to the methylene protons of the poly(ethylene glycol) units. 
In all the spectra of polyacrylamide initiated from PLA288/PEG2000/PLA288 (Fig. 32) 
and PLA288/PEG8000/PLA288 the peak from poly(ethylene glycol) is distinct, whereas 
when PAM was initiated from PLA2000/PEG10000/PLA2000 (Fig. 33) the peak at 3.6 
ppm is very weak. From the GPC results and the H1-NMR spectra of samples  
P10 - P11 it seems that in case of polymers synthesised using 
PLA2000/PEG10000/PLA2000 to initiate polymerisation, the reducing agent was not 
incorporated into the polymer backbone. Instead, it is likely that the obtained 
polyacrylamide was a result of homopolymerisation initiated from ceric ions. The 
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obtained molecular weight of the polyacrylamide was very low, therefore it is 
possible to see peak at 2.00 ppm coming most likely from the methine groups on the 
end of the polymer chain. Fig. 34 shows the most likely structures of polyacrylamide 
obtained by redox initiation from PLA/PEG/PLA. The H1-NMR peaks were 
identified and assigned to the particular protons. 
 
Fig. 34 The most likely structure of polyacrylamide synthesised by redox initiation 
from a) PLA/PEG/PLA and b) Ce(IV) 
 
After analysing GPC and NMR results it is still not clear why acrylamide 
polymerised with much better yield and higher molecular weight when 
PLA288/PEG2000/PLA288 and PLA288/PEG8000/PLA288 were used as the reducing 
agents. One of the possible explanations could be conformation of amphiphilic 
copolymers in water. It is known that triblock copolymers PLA/PEG/PLA in aqueous 
environment can form a flower-like micelle structure with a hydrophobic core and a 
hydrophilic outer shell (Fig. 35) [201]. The PLA2000/PEG10000/PLA2000 with longer 
PLA blocks can associate in water and form flower-like micelles driven by strong 
hydrophobic interactions. This could hinder the access of monomers and ceric ions to 
hydroxylated lactyl end units and hence give a rise to low polymerisation yields and 
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molecular weights. Triblock copolymers PLA288/PEG2000/PLA288 and 
PLA288/PEG8000/PLA288 with shorter PLA chains are more hydrophilic, hence they 
diffuse into aqueous media much more easily allowing for easier initiation of the 
polymerisation. 
 
Fig. 35 Schematic diagram for self-assembling of flower –like micelle 
 
3.2.3 Degradation behaviour of polyacrylamide initiated from 
PLA288/PEG8000/PLA288  
In order to study the degradation behaviour of polyacrylamide synthesised via redox 
polymerisation using PLA/PEG/PLA as a reducing agent, which should degrade as a 
result of the hydrolysis of ester groups in the PLA block, a few high molecular 
weight samples were sent to Smithers Rapra for GPC analysis. Solutions of samples 
P7, P8 and P9 were prepared 6 days, 4 days, 24 h and 4 h before running the GPC. 
The results are tabulated in Table 6. 
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Sample 
Mw [kDa] 
4 h 1 day 4 days 6 days 
P7 500  495  486  471  
P8 472  470  453  449  
P9 389  368  370  371  
Table 6: Weight average molecular weight of polyacrylamide initiated from 
PLA288/PEG8000/PLA288 incubated at 30ºC at pH 3 as a function of time 
 
In Fig. 36 the molecular weight distribution of polyacrylamide initiated from 
PLA288/PEG8000/PLA288 (P7) is shown as an example. It is clear that there was little, 
if any, change in the molecular weight distribution. The samples also appear to have 
complex shape distribution with multiple distinguished maxima, where the smallest 
one at 8000 Da corresponds to the molecular weight of PEG segment of the reducing 
agent. The obtained results suggest that incorporation of the reducing agent 
PLA/PEG/PLA was not successful. The presence of the peak from the reducing agent 
in the H1-NMR spectra of polyacrylamide synthesised by redox initiation from 
PLA288/PEG2000/PLA288 and PLA288/PEG8000/PLA288 was most likely a result of the 
presence of free PEG chains in the precipitated samples.  
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Fig. 36 Molecular weight distribution of polyacrylamide synthesised by redox 
initiation from PLA288/PEG8000/PLA288 (P7) 
 
3.2.4 Degradation behaviour of PLA/PEG/PLA during the course of the 
polymerisation of acrylamide  
The polyacrylamide initiated from the triblock copolymers PLA/PEG/PLA, which 
were used as a reducing agent, did not degrade when subjected to the acidic 
conditions. Therefore it was concluded that the reducing agent might have degraded 
already during the polymerisation of acrylamide in aqueous solution. In order to test 
this hypothesis, both PLA288/PEG2000/PLA288 and PLA2000/PEG10000/PLA2000 were 
subjected to the same conditions as the reducing agents were exposed to during the 
polymerisation, but without adding monomers and ceric ions. Afterwards the mixture 
containing reducing agents was freeze dried and NMR spectra were recorded and 
compared with NMR spectra of the as synthesised/as received reducing agents. In 
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Fig. 37 a photograph of the water solutions of PLA2000/PEG10000/PLA2000  
 and PLA288/PEG2000/PLA288 can be found. It is clear that the solution of 
PLA2000/PEG10000/PLA2000 became cloudy during the course of the experiment. This 
might suggest that the reducing agents could have undergone hydrolysis during the 
polymerisation process. It is known that PLA oligomers become insoluble in water at 
acidic pH [202]. It is highly likely that when ester bonds hydrolysed, the PLA 
oligomers were separated from water soluble PEG chain, then precipitated, hence the 
cloudy appearance of PLA2000/PEG10000/PLA2000 solution. 
 
 
Fig. 37 The photograph of PLA2000/PEG10000/PLA2000 and PLA288/PEG2000/PLA288 
solutions before freeze-drying 
 
 
 
 
 
 
 
 
PLA288/PEG2000/PLA288 PLA2000/PEG10000/PLA2000  
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The H1-NMR and C13-NMR of PLA288/PEG2000/PLA288 are presented in Fig. 38  
and 39, respectively. Comparing the H1-NMR spectrum after hydrolysis with the one 
before (Fig. 27) significant differences can be observed. First of all two additional 
signals are observed; one appeared in the range of 4.85 – 5.00 ppm. This can be 
attributed to methine protons neighbouring free carboxylic end unit (C). The second 
one appeared in the range of 4.00 – 4.05 ppm and belongs to methine protons of 
lactic acid (A). Additionally from the integration of H1-NMR peaks it can be 
observed that the intensity ratio of peaks from methyl protons (1.4 - 1.60 ppm) in the 
PLA repeat units of PLA288/PEG2000/PLA288 to methyl protons (1.2 - 1.3 ppm) from 
hydroxylated end units of PLA or lactic acid decreased for PLA288/PEG2000/PLA288 
exposed to the polymerisation conditions. The integration of methine units in the 
middle of the PLA blocks (5.00 - 5.25 ppm) and the PLA methine units next to PEG 
(5.35 - 5.55 ppm) decreased from 1.37 and 1.00 to 0.49 and 0.03, respectively. 
The C13-NMR spectrum of PLA288/PEG2000/PLA288 after synthesis (Fig. 28) was 
compared with the C13-NMR spectrum of PLA288/PEG2000/PLA288 after exposure to 
the polymerisation conditions (Fig. 39). In case of C13-NMR there is little difference 
between chemical shifts for carbons from the PLA chain in homo and copolymers, 
therefore it is difficult to observe any significant changes. However, the peak for the 
carbonyl groups in carboxylated lactyl end units can be found in the range of 171.5 – 
172 ppm for homopolymer, whereas once they are connected to the PEG chain, they 
can be found in the range of 170.0-170.6 ppm. The degradation is additionally 
confirmed by the presence of a distinctive peak at 176.3 ppm (A’’), which belongs to 
the carbonyl groups of free lactic acid. 
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Fig.38 H1-NMR spectrum of the triblock copolymer PLA288/PEG2000/PLA288 after 
exposure to acidic aqueous solution at 26ºC for 2 h, recorded in d6-DMSO 
 
Fig. 39 C13-NMR spectrum of the triblock copolymer PLA288/PEG2000/PLA288 after 
exposure to acidic aqueous solution at 26ºC for 2 h, recorded in d6-DMSO 
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When H1-NMR and C13-NMR spectra of PLA2000/PEG10000/PLA2000 as purchased 
were compared with the spectra of the same triblock copolymer but after exposing it 
to acidic aqueous solution at 26ºC for 2 h, the same trend was observed as discussed 
for PLA288/PEG2000/PLA288. 
 
3.3 Summary 
Triblock copolymers PLA/PEG/PLA were synthesised successfully by ring opening 
copolymerisation of L-lactide with poly(ethylene glycol). According to the  
H1-NMR results no homopolymerisation of poly(lactic acid) was observed. Three 
triblock copolymers PLA288/PEG2000/PLA288, PLA288/PEG8000/PLA288 and 
PLA2000/PEG10000/PLA2000 were used together with ceric ammonium nitrate as a 
redox couple to initiate the polymerisation of acrylamide. Both triblock copolymers 
PLA288/PEG2000/PLA288, and PLA288/PEG8000/PLA288, with short PLA repeating 
units, initiate the polymerisation effectively and after two hours of polymerisation 
transparent viscous solutions were observed. Yield and weight average molecular 
weight of the polymers varied depending on the concentration of ceric ions, nitric 
acid and the amount of reducing agent used to initiate the polymerisation. On the 
other hand when PLA2000/PEG10000/PLA2000 was used, two hours after initiation the 
polymerisation mixture had very low viscosity and was still yellow because of the 
presence of Ce(IV). H1-NMR spectra of polyacrylamide synthesised by redox 
initiation from PLA288/PEG2000/PLA288, and PLA288/PEG8000/PLA288 suggested 
successful incorporation of triblock copolymers in the polyacrylamide backbone, 
however, degradation studies proved otherwise. The molecular weight distribution of 
polyacrylamide synthesised by initiation from PLA288/PEG8000/PLA288 did not change 
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over a period of six days at acidic pH and from its complex shape, the maximum at 
8000 Da corresponding to free PEG unit can be distinguished. This suggests that the 
degradation, of studied triblock copolymers, is too rapid in acidic aqueous 
environment to be used as reducing agents in redox polymerisation of acrylamide. 
NMR studies of PLA288/PEG2000/PLA288 and PLA2000/PEG10000/PLA2000 as 
synthesised/as received and after exposure to acidic aqueous solution at a 
temperature of 26ºC for 2 h (equivalent to the conditions under which acrylamide 
was initiated from PLA/PEG/PLA) confirmed the degradation of the reducing agents 
during the course of polymerisation. However, it was still unclear why 
PLA2000/PEG10000/PLA2000 did not initiate polymerisation of acrylamide, whereas 
PLA288/PEG2000/PLA288 and PLA288/PEG8000/PLA288 did. The possible answer could 
be related to the length of the PLA blocks. It was noticed even during dissolution of 
the reducing agents prior to the initiation of the polymerisation that 
PLA288/PEG2000/PLA288 and PLA288/PEG8000/PLA288 dissolved instantly, whereas 
PLA2000/PEG10000/PLA2000 needed more time to dissolve. It is also known that in 
aqueous environment triblock copolymers with long hydrophobic units can associate 
driven by the strong hydrophobic interaction to form flower-like micelles. 
Association of hydrophobic PLA chains in the core of the micelles would hinder the 
access of hydrophilic acrylamide and Ce4+ ions to the hydroxylated ends of PLA 
unit, hence preventing the polymerisation. 
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4: Incorporation of polycaprolactone diol into 
the backbone of polyacrylamide 
 
4.1 Introduction 
As discussed in the chapter 3, poly(lactic acid) degrades too rapidly in acidic 
aqueous solution to be incorporated into polyacrylamide backbone. Polycaprolactone 
is another widely studied degradable polymer known for its slower degradation 
kinetics in the solid state compared to poly(lactic acid), due to its hydrophobicity and 
crystallinity [203, 204]. As one can expect degradation of PCL is much faster when 
the polymer is in solution [205, 206]. However, according to the studies of 
degradation kinetics of PLA and PCL in acetonitrile/water mixture, PCL hydrolyses 
slower  
than PLA [207]. 
In this chapter the preparation of poly(acrylamide-co-caprolactone) utilising 
polycaprolactone diol as a reducing agent is presented. Polycaprolactone diol, 
contrary to the PLA/PEG/PLA block copolymers used in the previous chapter, is 
water insoluble. To introduce the hydrophobic reducing agent into aqueous solution, 
micellar polymerisation with a surface active agent was utilised. Arslan at el. [190] 
showed that methyl methacrylate could be initiated using the PCL diol/Ce(IV) redox 
couple in water with tetrabutylammonium hydrogen sulphate as a surfactant. 
According to the NMR analysis of the obtained copolymers, multiple PCL  
links were built into the polymer backbone using this method. The effect  
of different surfactants on the redox polymerisation of acrylamide was studied. 
According to Patra et al.[208, 209] anionic surfactant, sodium dodecyl sulphate 
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(SDS) enhances the rate of polymerisation of acrylamide initiated by a redox system, 
whereas cationic surfactant cetyl trimethylammonium bromide decreases it.  
In work presented here sodium dodecyl sulphate was chosen as a surfactant. 
Polycaprolactone diols with different molecular weights were used as  
reducing agents to initiate the polymerisation of acrylamide. The synthesised 
polymers were analysed using H1-NMR, FTIR, DSC and GPC. Since 
poly(acrylamide-co-caprolactone) should contain hydrophobic and hydrophilic 
components, their amphiphilic character was tested by determining whether 
water/hexane emulsions could be stabilised.  
 
4.2.1 Polymerisation of acrylamide initiated by redox initiation from  
PCL diol  
The micellar polymerisation was used in an attempt to incorporate polycaprolactone 
diol into the backbone of polyacrylamide. Conceptually, this approach was based on 
the fact that polycaprolactone diol has a hydrophobic polycaprolactone chain but is 
terminated with hydrophilic hydroxyl groups. It is expected that the hydrophobic 
backbone should dissolve in the interior of hydrophobic micelles, whereas the 
hydrophilic hydroxyl group should be found at the micelle/water interface allowing 
redox initiation of the polymerisation. Based on a number of publications [188, 190, 
192], the polymerisation is likely to proceed by the following mechanism (Fig. 40). 
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Fig. 40 The possible mechanism of the polymerisation of acrylamide initiated from 
PCL dio/Ce(IV) redox couple 
 
Once a macro-radical is created it should initiate the polymerisation of acrylamide, 
dissolved in aqueous phase. A schematic representation of the micellar 
polymerisation medium is illustrated in Fig. 41.  
 
Fig. 41 Schematic representation of micellar redox polymerisation medium 
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The influence of the addition of vinyl acetate and SDS concentration on the yield of 
the polymerisation and molecular weight of polyacrylamide initiated by redox 
initiation from PCL diol was studied.  
As a result of polymerisation two polymer fractions were observed; a water soluble 
and water insoluble fraction. The amount of the water insoluble fraction was very 
small at around 2 wt%. The yield and molecular weight of the water soluble 
polymers obtained from this polymerisation are tabulated in Table 7. The polymers 
were analysed by FT-IR, DSC and H1-NMR to study the presence of 
polycaprolactone diol in the polyacrylamide backbone. In case of water insoluble 
fractions, only sample M10 was analysed. Unfortunately rather small quantity of the 
water insoluble copolymer did not allow to find an appropriate solvent for H1-NMR 
analysis. 
In order to test if a homopolymerisation of acrylamide occurs under polymerisation 
conditions used for this system, the experiment with the same concentration of 
monomers, ceric ions and SDS, was performed but without the addition of PCL diol. 
Under tested conditions homopolymerisation of acrylamide took place, however the 
yield of the obtained polymer is negligible (Y<3%).  
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Sample  Yield 
[g] 
[%] 
Mw 
[kDa] 
M1 0.1603  
[20] 
39 
M2 0.1458 
[21] 
67 
M3 0.3731 
[49] 
195 
M4 0.4279 
[56] 
254 
M5 0.0675 
[9] 
10 
M6 0.0746 
[10] 
13 
M7 0.1989 
[26] 
183 
M8 0.0196 
[19] 
134 
M9* 0.3832 
[50] 
264 
M10** 0.1230 
[16] 
105 
(*) PCL diol 1250 Da has been used as a reducing agent 
(**) PCL diol 2000 Da has been used as a reducing agent 
Table 7: Yield and molecular weight of the polyacrylamide initiated from PCL diol 
in micellar polymerisation 
 
Comparing samples M1, M2, M3 and M4 the influence of the SDS concentrating on 
the yield of the polymerisation and molecular weight of the obtained polyacrylamide 
can be observed. There was very little difference in the yield but also in the 
molecular weight of the polyacrylamide initiated from PCl diol when no SDS was 
added to the polymerisation solution (M1) and when 4 mmol/L of SDS was  
used (M2). However, once the concentration of SDS increased to 8 mmol/L (M4), 
the polymerisation yield improved considerably. The cmc for sodium dodecyl 
sulphate is 8.27 mmol/L [210], which is reflected in the obtained results. Above the 
cmc, the presence of a micellar phase improves the solubility of polycaprolactone 
and hence more initiation centres are available to start the polymerisation, increasing 
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the yield of the polymerisation. Possibly for this reason the biggest difference in both 
the yield and molecular weight of the polymers can be observed between samples 
M2 and M3 and then once the concentration of SDS is well above the cmc (M4) only 
little difference in both parameters was observed. When PCL diol 1250 Da was 
utilised as a reducing agent, only small changes were observed in the  
polymerisation yield and molecular weight (compare M4 and M9). However, when 
PCL diol 2000 Da was used as a reducing agent to initiate acrylamide polymerisation 
(sample M10) the yield and molecular weight decreased significantly. This may be 
due to the differences in the melting temperature of the polycaprolactone diols. 
Polymerisation of acrylamide with PCL diol as a reducing agent was carried out at 
40ºC, which is above the melting point of PCL diol 530 Da and close to the melting 
point of PCL diol 1250 Da. Most likely, the low melting PCL diols with lower 
molecular weight more easily dissolve in the surfactant micelles which in turn 
improved initiation of the polymerisation. Surprisingly, a decrease of both yield and 
molecular weight was observed for samples M4, M7 and M8 with decreasing 
concentration of Ce(IV) from 60 mmol/L to 4 mmol/L. Lower concentration of 
Ce(IV) would create fewer free radicals which could initiate the polymerisation, 
however one would expect a higher molecular weight of the resulting polymer. 
Therefore it is difficult to draw any conclusions based on these experiments. 
Positive influence of vinyl acetate addition to the reaction mixture on the yield of the 
polymerisation and molecular weight has also been observed. By comparing samples 
M3 with M5 and M4 with M6, where all the conditions were kept constant except for 
the concentration of VAc, it can be seen that both the yield of the polymerisation and 
molecular weight of obtained polymers increased significantly. The observed 
increase in the yield and molecular weight can be a result of higher reactivity of VAc 
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radicals and, therefore, the higher reactivity of the growing polymer radicals which 
could lead to faster/easier propagation of the polymerisation [193]. 
 
4.2.2 FTIR analysis of the polyacrylamide synthesised by redox initiation 
from PCL diol 
FTIR spectra of pure polyacrylamide, polycaprolactone diol and acrylamide initiated 
from PCL diol are presented in Fig 42. In the FT-IR spectrum of PCL-diol a very 
intensive adsorption band can be observed at 1700 cm-1, which is characteristic for 
the carbonyl group of esters. The broad adsorption band coming from hydroxyl 
groups can be found at 3500 cm-1. Additionally, bands at 2900 cm-1 and 1163 cm-1 
correspond to the stretching vibration of -CH2- and -COO- . The FTIR spectrum of 
polyacrylamide contains a broad band at around 3300 cm-1 due to N-H deformation. 
The characteristic intensive C=O stretching vibration bands of amide can be 
observed at 1670 cm-1 and the band at 1430 cm-1 indicates N-H stretching [211]. 
The band at around 1700 cm-1 for the ester groups within PCL repeat units 
overlapped with a band at 1670 cm-1 for the C=O absorption of amide for 
polyacrylamide. Also the band from hydroxyl groups of PCL at 3500 cm-1 
overlapped with the band of the PAM amide groups. Close proximity of these 
characteristic bands for polycaprolactone diol and polyacrylamide makes it difficult 
to conclude, based just on FT-IR results, if the incorporation of polycaprolactone diol 
into polyacrylamide backbone was successful.  
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Fig. 42 FT-IR spectra of polycaprolactone diol, polyacrylamide and their copolymers 
 
4.2.3 H1-NMR analysis of the polyacrylamide synthesised by redox 
initiation from PCL diol 
All water soluble copolymers M1 - M10 were analysed by H1-NMR. The spectrum 
of PCL diol was recorded in d6-acetone (Fig. 43) and spectra of PAM and PAM 
synthesised by redox initiation from PCL diol were recorded in D2O (Fig. 45).  
H1-NMR spectra of the samples M3, M4, M7, M8, M9 and M10 did not reveal any 
evidence of the presence of polycaprolactone diol in the polyacrylamide backbone. 
However, H1-NMR spectra of samples M1, M2, M5 and M6 have peaks in the range 
of 3.4 - 3.75 ppm and 4.17 - 4.21 ppm, which can be assigned to the corresponding 
protons in polycaprolactone diol. The chemical shifts at 4.22 - 4.21 ppm,  
4.19 - 417 ppm and 3.4 - 3.75 ppm present in the spectra of PCL diol and acrylamide 
initiated from PCL diol are attributed to protons adjacent to ester oxygen (g and c) 
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and proton neighbouring the ether oxygen (h) or protons neighbouring hydroxyl 
groups (a). Strong signals in the range of 2.4 -2.0 ppm and 1.8-1.2 ppm correspond to 
the protons in the PAM methine (A) and methylene (B) groups (Fig. 44. and 45). 
M1, M2, M5 and M6, for which H1-NMR spectra confirmed the presence of 
polycaprolactone diol in the polyacrylamide backbone, have much lower molecular 
weight than samples M3, M4, M7, M8, M9 and M10 (Table 7). The detection 
threshold for H1-NMR is around 100 µM. If the number of PCL units incorporated 
into the polyacrylamide backbone did not increase with the increasing molecular 
weight of the polymers, the sensitivity of NMR did not allow detecting the 
characteristic peaks for PCL once the molecular weight of the polymers was above 
100 kDa. 
 
 
Fig. 43 H1-NMR spectrum of polycaprolactone diol 530 Da in d6-acetone 
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Fig. 44 H1-NMR spectrum of polyacrylamide in D2O 
 
 
Fig. 45 H1-NMR spectrum of poly(acrylamide-co-caprolactone) (M2) in D2O 
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Fig. 46 Expected chemical structure of polyacrylamide synthesised by redox 
initiation from polycaprolactone diol 
 
4.2.4 DSC analysis of polyacrylamide synthesised by redox initiation from 
PCL diol 
Differential Scanning Calorimetry has been used to study thermal behaviour of the 
synthesised block copolymers. All samples were investigated in the temperature 
range from -70°C to 220°C at a heating rate of 10°C/min. Thermograms of 
polycaprolactone diols, polyacrylamide and their copolymers are presented  
in Figs. 47 - 50, respectively. Melting temperatures of polycaprolactone diols and 
glass transition temperatures of polyacrylamide and poly(acrylamide-co-
caprolactone) are summarised in Table 8.  
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Fig. 47 DSC thermograms: of polycaprolactone diol 530Da, 1250Da, 2000 Da 
 
Fig. 48 DSC thermogram of polyacrylamide 5-6 million Da 
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Fig. 49 DSC thermogram of poly(acrylamide-co-caprolactone) soluble  
in water (M10) 
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Fig. 50 DSC thermogram of poly(acrylamide-co-caprolactone) insoluble  
in water (M10) 
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Table 8: Tm and Tg measured from the second heating of polycaprolactone diols 
used as a reducing agent, pure polyacrylamide and water soluble and insoluble 
fraction of poly(acrylamide-co-caprolactone) (M10) 
 
Polycaprolactone diol and polyacrylamide are polymers with quite different thermal 
properties. Polycaprolactone diol is a semicrystalline polymer with very low glass 
transition temperature Tg < -60°C and  Tm around 40°C, whereas polyacrylamide is 
an amorphous polymer with a glass transition temperature of around 195°C [212]. 
The melting temperatures of polycaprolactone diols depend on the molecular  
weight of the polymer and vary from 31°C for PCL 530 Da to 47.4°C for longer  
PCL 2000 Da (Fig. 47). The glass transition temperature of polyacrylamide at 196°C 
is close to the literature value. The endothermic peak observed in the DSC 
thermogram of polyacrylamide in the first heating curve can be a result of the 
decomposition of polyacrylamide as an effect of liberation of ammonia [212]. As 
discussed before the redox polymerisation of acrylamide initiated from 
polycaprolactone diol resulted in a water soluble and insoluble fraction. In the 
thermogram of the water insoluble poly(acrylamide-co-caprolactone) (Fig. 50) it can 
Polymer 
 
Tg (2nd heating) 
[°C] 
 
Tm (2nd heating) 
[°C] 
PCL 530 Da --- 30.7 
PCL 1250 Da --- 43.6 
PCL 2000 Da --- 47.4 
PAM 196.2 --- 
M10 water soluble 202.9 --- 
M10 water insoluble --- 22.2 
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be noticed that in the first heating curve neither Tg nor Tm was observed. However, 
when the polymer was heated to 190°C, a significant exothermic peak was seen. The 
elevated temperature and residual moisture present within the sample could lead to 
the hydrolysis of some ester bonds within the polycaprolactone diol block. 
Subsequently a crystallisation peak was observed during cooling. The melting 
temperature in the second heating curve was shifted toward lower temperatures 
compared to the original polycaprolactonediol 2000 Da. The fact that that the melting 
temperature of PCL decreases with a decrease of its molecular weight supports the 
hypothesis of ester bonds hydrolysis at higher temperatures during DSC 
measurements. In the thermogram of the water soluble fraction of poly(acrylamide-
co-caprolactone) only the glass transition was observed. Tg at 203°C, which was 
close to that of the pure polyacrylamide The content of polycaprolactone diol 
incorporated into the water soluble poly(acrylamide-co-caprolactone) was rather low 
for polycaprolactone to crystallise and melt later. 
 
4.2.5 Stabilisation of hexane and water emulsions by poly(acrylamide-co-
caprolactone) 
It is known that amphiphilic copolymers do stabilise emulsions. Both graft and block 
copolymers with hydrophobic and hydrophilic groups have been reported to be 
effective emulsifying agents [191, 213]. The stability of the emulsion depends on the 
concentration of the copolymer and the content of the hydrophobic part in the 
copolymers. The emulsion type can be determined by the hydrophilic lipophilic 
balance (HLB) of the emulsifier. Polymers with a higher ratio of hydrophilic to 
hydrophobic part should stabilise oil in water emulsions (O/W), whereas copolymers  
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with a larger hydrophobic part should be better in stabilising water in oil type of 
emulsions (W/O) [214]. Stabilisation of hexane in water emulsions with 
poly(acrylamide-co-caprolactone) is a good indication whether polycaprolactone diol 
was indeed successfully incorporated into the polyacrylamide backbone. 2 ml of 1 
mg/ml aqueous polymer solutions were prepared for all studied samples and for 
polyacrylamide, followed by the addition of 2 ml of hexane. 50:50 Hexane/water 
emulsions were prepared and their stability was visually assessed by comparison to 
the sample with pure PAM. The photographs of the studied samples were taken after 
30 s of resting and they are presented in Fig. 51  
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Fig. 51 Emulsions stabilised by poly(acrylamide-co-caprolactone) 
compared to pure PAM 
 
As can be seen in Fig. 51 polyacrylamide did not stabilise an emulsion contrary to all 
copolymers, confirming the presence of a hydrophobic moiety within the polymer. 
The hexane/water emulsions formed using M3, M4, M7, M8, M9 and M10 as 
emulsifier separated very quickly within 3 min, whereas the emulsions stabilised 
using M2, M5 and M6 were stable over one hour. In case of the samples M5 and M6, 
the emulsion did not phase separate even after 24 h. The observed stability of the 
emulsions could be explained by the H1-NMR results and molecular weight of the 
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synthesised copolymers. Given that the H1-NMR spectra of low molecular weight 
(<70 kDa) poly(acrylamide-co-caprolactone) showed the presence of 
polycaprolactone blocks contrary to H1-NMR spectra of poly(acrylamide-co-
caprolactone) with higher molecular weight, an assumption was made that multiple 
PCL segments in the copolymers backbone were very unlikely. This would mean that 
in copolymers with molecular weight above 100 kDa the content of PCL diol was too 
low for PCL to be detected by NMR, but also too low to stabilise emulsions for 
longer than 3 min. Based on the observation of the emulsions stability, one can 
conclude that lower molecular weight poly(acrylamide-co-caprolactone) M5 and M6 
are much more suited to stabilise oil/water emulsions than the high molecular weight 
copolymers which are possibly too hydrophilic. Nevertheless, this experiment 
implies that the synthesised polymers had an amphiphilic character and confirms 
successful incorporation of PCL units into PAM backbone.  
 
4.2.6 Degradation behaviour of polyacrylamide synthesised by redox 
initiation from PCL diol  
From the studies described before it was concluded that PCL units were indeed 
present in PAM backbone, however, it is impossible to say whether diblock 
PAM/PCL or triblock PAM/PCL/PAM copolymers were obtained. Degradation 
studies can bring more clarification about the distribution of the degradable 
groups/links within the polymer backbone. Water soluble fractions of the synthesised 
poly(acrylamide-co-caprolactone) were subjected to pH 11 at 30ºC and then analysed 
using GPC. Unfortunately the differences in molecular weight of the polymer before 
and after exposure to pH 11 at 30ºC for three days (Table 9) indicates a diblock 
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polymer structure rather than the PCL units being incorporated into the 
polyacrylamide backbone. 
 
Sample 
0 days 3 days 
Mw [kDa] PDI Mw [kDa] PDI 
M2 67.5 1.51 66.9 1.51 
M4 254.6 1.81 248.9 1.96 
M6 12.7 1.95 11.2 2.53 
M7 183.8 2.34 162.6 2.41 
M8 132.1 2.82 133.7 2.7 
Table 9: Weight average molecular weight (Mw) of the M2, M4, M6, M7 and M8 
before and after exposure to pH 11 at 30ºC for three days 
 
4.2.7 Summary 
Micellar polymerisation of acrylamide initiated from a polycaprolactone diol/Ce(IV) 
redox pair yields poly(acrylamide-co-caprolactone) copolymers. The addition to the 
polymerisation mixture of a small amount of vinyl acetate as a comonomer increases 
both the molecular weight of the polymer and the yield of the polymerisation. The 
same trend was observed when the concentration of SDS and ceric ions was 
increased. The presence of polycaprolactone diol in the PAM backbone was 
confirmed by FT-IR and H1-NMR. The content of polycaprolactone diol 
incorporated into the water soluble poly(acrylamide-co-caprolactone) was too low to 
significantly influence the glass transition. However, it was high enough, in case of 
samples M5 and M6, to stabilise water and hexane emulsions proving that they are 
amphihilic. The synthesised copolymers were incubated at pH 11 at 30ºC and their 
molecular weight was measured using GPC and compared with molecular weight of 
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the copolymers as synthesised. Although poly(acrylamide-co-caprolactone) was 
successfully synthesised, the distribution of labile groups in the polymer backbone 
did not affect its molecular weight significantly after hydrolysis, hence one can 
expect that most likely diblock copolymers were obtained as a result of redox 
polymerisation of acrylamide initiated from PCL diol.  
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5: Polyacrylamide and its derivative containing 
weak-temperature labile azo links in the 
polymer backbone 
 
5.1 Introduction 
Polyacrylamide and partially hydrolysed polyacrylamide are considered as one of the 
most effective viscosifiers for the mobility control and drag reducing agents used in 
oil industry [215, 216]. Nevertheless, they have their disadvantages due to their low 
compatibility with high salinity and high-temperatures reservoirs [216]. The 
replacement of acrylamide with N,N-dimethylacrylamide and the presence of -SO3-  
groups in sodium-2-acrylamido-2-methyl propane sulfonate gives the  
poly(N,N-dimethylacrylamide-co-2-acrylamido-2-methylpropanesulfonate) better 
compatibility with brine and improves shear resistance [217]. 
Azo groups as labile links for polyacrylamide and its derivative  
(poly(N,N-dimethylacrylamide-co-2-acrylamido-2-methylpropanesulfonate)) were 
chosen following unsuccessful incorporation of ester groups into the polymer 
backbone. Since redox polymerisation is carried out in aqueous solutions, an 
effective reducing agent should be hydrolytically stable but also easily soluble in 
water. The degradation of the labile group could then be triggered by a temperature, 
reducing agent or biological factors such as bacteria or fungi. Considering the desired 
application of the polymers with weak links, temperature-sensitive groups seem to be 
the most viable route to pursue. Azo-linkages have drawn a lot of attention not  
only due to their thermal but also chemical, photochemical and biological  
properties [141-143]. Aromatic azo-groups confer biodegradability, which enables to 
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use them as a delivery vehicle in targeted drug delivery [144-146]. Aliphatic azo-
groups are thermally cleavable creating free radicals which are used for the synthesis 
of block or graft copolymers [147]. The incorporation of azo compounds into a 
polymer backbone opens the way to thermo and photodegradable polymers [141, 
148, 218]. Azo containing polymers can be prepared by condensation, radical, 
cationic and anionic polymerisation [149]. However, redox polymerisation using 
difunctional reducing agents containing azo groups can be used as an alternative 
strategy to initiate polymerisation of vinyl monomers.  
 
5.2.1 Polymerisation of AM, DAM and AMPS initiated by redox initiation 
from 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] 
Both polyacrylamide (PAM) and copolymers of N,N-dimethylacrylamide (DAM) 
and 2-acrylamido-2-methylpropane sulfonic acid (AMPS) were synthesised via 
redox polymerisation using a difunctional azo intiator and Ce(IV) as a redox couple. 
There are number of azo or macro-azo initiators available commercially, which 
makes it possibile to design polymers with desired degradation temperatures. 
 2,2’-Azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (VA-086) was chosen 
because of its relatively high degradation temperature, and hence stability during 
polymerisation and its good solubility in water. The expected mechanism of 
polymerisation of vinyl monomers initiated from 2,2’-azobis[2-methyl-N-(2-
hydroxyethyl)propionamide] via redox initiation is shown in Fig. 52. 
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Fig. 52 The mechanism of the polymerisation of vinyl monomers initiated  
from 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] 
 
The yield and molecular weight of polymers obtained during the polymerisation of 
acrylamide and copolymerisation of N,N-dimethylacrylamide with 2-acrylamido-2-
methylpropane sulfonic acid are tabulated in Table 10 and 11, respectively.  
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Sample  Yield 
[g] 
[%] 
Mw 
[kDa] 
T1 0.9125 
32 
5,120 
T2 1.219 
45 
2,850 
T3 0.5634 
21 
390 
T4 0.5797 
22 
400 
T5 1.5097 
61 
2,660 
T6 0.3945 
12 
180 
T7 0.6230 
19 
190 
T8 0.4996 
15 
140 
Table 10: Yield and molecular weight of polyacrylamide produced by initiation of 
acrylamide from 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] 
 
 
Sample Yield 
[g] 
[%] 
Mw 
[kDa] 
T9 0.3102 
6 
4 
T10 0.01847 
4 
7 
T11 1.886 
40  
230 
T12 2.26536 
48 
210 
Table 11: Yield and molecular weight of the copolymers produced by 
polymerisation of DAM and AMPS initiated from  
2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] 
 
 
Increasing the concentration of the redox couple, but keeping the molar ratio of  
2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide]/Ce (IV) the molar ratio 
constant at 1:2, resulted in a decrease of molecular weight of the obtained 
polyacrylamide (Fig. 53). This could be attributed to two effects, an increase of the 
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number of radicals created and an increase of oxidative termination of the polymer 
chains by Ce4+. The same trend was observed for the yield of the polymerisation 
except when a very low redox couple concentration was used (Fig. 54). The low 
concentration of created radicals resulted in higher molecular weight polymers 
increasing the viscosity of the polymerisation solution, but at the same time most 
likely decreasing the initiator efficiency and the rate of polymerisation by the 
recombination of primary radicals (cage effect) [219, 220]. Comparing samples T1 
and T5, where the same amount of Ce(IV) ions was used but the amount of reducing 
agent was increased, it was observed that the molecular weight of the polymer 
decreased from 5,120 kDa to 2,660 kDa, whereas the yield increased quite 
significantly. As one could expect with the increased amount of the reducing agent 
the number of propagating radicals was most likely also higher, resulting in lower 
molecular weight polymers. Lower molecular weight means that the viscosity was 
lower in case of T5 than T1, which would mean that the cage effect had smaller 
influence on the yield of the polymerisation. 
The time dependence of the yield of acrylamide polymerisation was studied for the 
sample T5 and is illustrated in Fig. 55. As can be seen the yield of the polymerisation 
is proportional to the time of the polymerisation only up to about one hour and a half. 
After that the yield of the polymerisation remains constant. 
Increase of the polymerisation yield and molecular weight of polacrylamide was 
observed when vinyl acetate was added to the polymerisation mixture, which can be 
clearly seen by comparing samples T9 and T10 with samples T11 and T12. In case of 
samples T9 and T10 when DAM and AMPS were copolymerised without the 
addition of vinyl acetate, the polymerisation mixtures were yellow and had low 
viscosity. However, when vinyl acetate was added (samples T11 and T12), the 
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polymerisation mixture was viscous and transparent which suggests that most of Ce4+ 
ions was utilised and higher molecular weight polymers were obtained.  
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Fig. 53 Effect of the concentration of the redox couple on the Mw 
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Fig. 54 Effect of the concentration of the redox couple on the yield 
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Fig. 55 The effect of time on the yield of the acrylamide polymerisation initiated 
from 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (T5) 
 
5.2.2 H1-NMR analysis of polyacrylamide and its derivative synthesised 
by redeox initiation from 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) 
propionamide] 
Both polyacrylamide and poly(N,N-dimethylacrylamide-co-2-acrylamido-2-
methylpropanesulfonate) produced by redox initiation from 2,2’-azobis[2-methyl-N-
(2-hydroxyethyl)propionamide] (VA-086) were characterised using H1-NMR 
spectroscopy. The H1-NMR spectra of 2,2’-azobis[2-methyl-N-(2-
hydroxyethyl)propionamide], commercial PAM and PAM synthesised by initiation 
using the 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide]/Ce(IV) redox pair 
were recorded in D2O and are shown in Fig. 56, 57 and 58, respectively. Protons 
characteristic for PAM and VA-086 were identified and assigned (Fig. 59). In the 
spectrum of 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (Fig. 56) 
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chemical shifts for protons from methylene groups (CH2) marked as C and B can be 
distinguished in the 3.52-3.57 ppm range and 3.10-3.35 ppm range, respectively. The 
strong singlet from the protons of the methyl groups A appears at 1.06 ppm. In the 
spectrum of the commercial PAM (Fig. 57) peaks in the range of 1.3-1.8 ppm  
and 2.0-2.4 ppm correspond to the protons of the methylene (D) and  
methine (E) groups of PAM. All the protons for PAM and 2,2’-azobis[2-methyl-N-
(2-hydroxyethyl)propionamide]could be identified and assigned in the H1-NMR 
spectrum of PAM synthesised by initiation from VA-086 (Fig. 35), confirming the 
successful incorporation of azo groups into PAM. 
 
Fig. 56 H1-NMR spectrum of 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) 
propionamide] in D2O 
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Fig. 57 H1-NMR spectrum of commercial polyacrylamide Mw 5-6 million Da in D2O 
 
Fig. 58 H1-NMR spectrum of polyacrylamide synthesised by redox initiation from 
2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide]/Ce(IV)  
redox pair (T 4) in D2O 
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Fig. 59 Chemical Structure of a) 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) 
propionamide] and b) polyacrylamide produced by redox initiation from a 2,2’-
azobis[2-methyl-N-(2-hydroxyethyl)propionamide]/Ce(IV) redox pair 
 
The H1-NMR spectrum of poly(N,N-dimethylacrylamide-co-sodium-2-acrylamido-2-
methyl propane sulfonate) is shown in Fig 60. Characteristic protons for the 
copolymer were identified and can be found in Fig 61. The strongest singlets from 
protons of the methyl groups C in 2-acrylamido-2-methylpropane sulfonic acid and 
methyl groups G in N,N-dimethylacrylamide can be found at 1.41 ppm and 2.84 
ppm, respectively. Methylene protons A and E from N,N-dimethylacrylamide and  
2-acrylamido-2-methylpropane sulfonic acid polymer units can be identified as a 
wide band in the range 1.25 – 1.75 ppm, and the methine protons B and F in the 
range of 2.32 – 2.8 ppm. Because of the very small amount of reducing agent used to 
initiate polymerisation of DAM and AMPS, peaks coming from VA-086 are 
impossible to identify in obtained spectra.  
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Fig. 60 H1-NMR spectrum of poly(N,N-dimethylacrylamide-co-2-acrylamido-2-
methyl propane sulfonate) produced by redox initiation from 2,2’-azobis[2-methyl-
N-(2-hydroxyethyl)propionamide]/Ce(IV) redox pair (T12) in D2O 
 
 
 
Fig. 61 Chemical structure of poly(N,N-dimethylacrylamide-co-sodium-2-
acrylamido-2-methyl propane sulfonate) 
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Since the lower limit of polymer molecular weight to achieve a drag reducing effect 
is M=5· 105 Da [43], only polyacrylamide obtained via redox polymerisation, with 
VA-086/Ce(IV) as a redox couple, was tested further. Polyacrylamide without labile 
groups in the polymer backbone was synthesised using poly(ethylene glycol)/Ce(IV) 
as redox couple and used as control sample for drag reduction and degradation test. 
H1-NMR spectrum of control polyacrylamide initiated from poly(ethylene glycol) 
was recorded (Fig. 62).The H1-NMR spectrum of the product showed all 
characteristic peaks of PAM and a very low intensity peak characteristic for main 
chain methylene units within poly(ethylene glycol) at 3.6 ppm (Fig. 63).  
 
Fig. 62 H1-NMR spectrum of PAM synthesised by redox initiation from from 
poly(ethylene glycol) in D2O 
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Fig. 63 Chemical structure of PAM produced by redox initiation  
from poly(ethylene glycol) 
 
5.2.3 Determination of the number of azo-links in the polyacrylamide 
backbone  
Using H1-NMR spectra of polyacrylamide produced by redox polymerisation 
utilising VA-086/Ce(IV) redox pair, the content of VA-086 in the polyacrylamide 
backbone and hence the number of azo–links incorporated into a PAM backbone was 
calculated. Looking at H1-NMR spectra of acrylamide initiated from VA-086, less 
intensive peaks from methylene groups of 2,2’-azobis[2-methyl-N-(2-
hydroxyethyl)propionamide] can be observed in the 3.52-3.57 ppm range and 3.10-
3.35 ppm and the stronger singlet from the protons of the methyl groups at 1.06 ppm. 
The integrating area of the most intensive and well separated peak from methyl 
protons of VA-086 and the area of methylene protons of polyacrylamide, was used to 
calculate mol% of VA-086 in polyacrylamide backbone using equation 4 (Fig. 64). 
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Fig. 64 H1- NMR spectrum of the polyacrylamide initiated using VA-086/Ce(IV) 
redox pair in D2O (T5) 
 
The VA-086 content in all polyacrylamides initiated from VA-086 was calculated 
and tabulated in Table 12. In case of polyacrylamide T1 due to its rather  
high molecular weight, the amount of 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) 
propionamide] in polyacrylamide backbone was insufficient to detect any  
2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] peaks in the H1-NMR 
spectrum, and hence the VA-086 content was not determined. The content of  
VA-086 in the polymer together with molecular weight of the polymer allows 
calculating the average number of azo groups incorporated into a polymer chain (Nl) 
utilising equation 5. The calculated content of VA-086 and the number of azo groups 
incorporated into a polyacrylamide backbone together composition of the 
polymerisation mixture and the time of the polymerisation are tabulated in Table 12. 
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Sample  AM/VAc 
[g] 
[mmol] 
VA-086 
[g] 
[mmol] 
Ce+4 
[g] 
[mmol] 
Time 
[h] 
Mw 
[kDa] 
VA-086 
content 
[mol%] 
Nl 
T1 2.5/0.14 
35/1.6 
0.02 
0.07 
0.08 
0.14 
2.5 5,120 ---- ---- 
T2 2.5/0.14 
35/1.6 
0.06 
0.21 
0.23 
0.42 
2.5 2,850 0.17 17 
T3 2.5/0.14 
35/1.6 
0.12 
0.42 
0.46 
0.84 
2.5 390 0.58 8 
T4 2.5/0.14 
35/1.6 
0.12 
0.42 
0.46 
0.84 
3.5 400 0.56 8 
T5 2.5/0.14 
35/1.6 
0.12 
0.42 
0.08 
0.14 
2.5 2,660 0.35 32 
T6 2.5/0.14 
35/1.6 
0.3 
1.0 
1.12 
2.0 
2.5 180 
 
0.8 5 
T7 2.5/0.14 
35/1.6 
0.6 
2.0 
0.56 
1.0 
3.0 190 1.95 13 
T8 2.5/0.14 
35/1.6 
0.6 
2.0 
1.12 
2.0 
3.0 140 1.56 8 
Table 12: Content of the VA-086 and the number of weak links in polymer chain 
together with the composition of the polymerisation mixture  
and the time of the polymerisation 
 
From Table 12 it can be clearly seen that as for case of the molecular weight and 
polymerisation yield (Table 10), the concentration of ceric ions used to initiate the 
polymerisation has a significant influence on the number of azo functionalities in the 
backbone. Ceric ions, not only initiate the polymerisation by creating radicals as a 
result of the redox reaction with the reducing groups in the reducing agent, but are 
also responsible for the oxidative termination of growing polymer chains. With 
increased concentration of ceric ions, the bimolecular termination is probably 
replaced by oxidative termination and fewer growing polymer chains recombine 
together, resulting in decrease of azo groups in the polymer backbone. Increasing the 
concentration of 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] resulted in 
the increased number of azo functionalities incorporated into PAM  
(compare T6 and T8) 
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5.2.4 DSC analysis of PAM containing azo-functionalities in the backbone 
Polymerisation of acrylamide initiated using VA-086/Ce4+ should yield a 
polyacrylamide with incorporated active azo groups. Since azo initiator decomposes 
into radicals exothermally, polyacrylamide containing azo functionalities should 
behave in a similar way (Fig 65). 
 
Fig. 65 Decomposition of 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] 
in high temperature 
 
In order to further confirm the presence of azo-functionalities in the polyacrylamide 
backbone, differential scanning calorimetry has been used. The thermal behaviour of 
commercial polyacrylamide mixed with the azo-initiator 2,2’-azobis[2-methyl-N-(2-
hydroxyethyl)propionamide] were compared with polyacrylamide containing 
degradable 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] links (Fig. 66). 
The amount of 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] equivalent to 
that covalently incorporated into PAM was mixed with pure PAM and analysed by 
DSC. Both samples were heated from 25 – 220ºC at a heating rate of 30ºC/min. In 
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both cases an apparent exothermic peak due to decomposition of the azo groups was 
observed, however, the shape and the maxima of these peaks are different. The 
maximum degradation temperature for PAM with azo functionalities in the backbone 
was observed at 192ºC, whereas for PAM mixed with 2,2’-azobis[2-methyl-N-(2-
hydroxyethyl)propionamide] at 164ºC. The shift and the shape of the exothermic 
peak, in the thermogram of PAM containing azo-functionalities in the backbone, is 
caused by the different chemical environment of the azo functionality due to the 
covalent incorporation of 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] 
into PAM.  
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Fig. 66 DSC thermograms: first heating curve of 9 mg of commercial PAM Mw 5-6 
million Da mixed with 0.6 mg of VA-087 and PAM with  
incorporated azo groups (T4) 
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5.2.5 Initiation of polymerisation from PAM with incorporated azo-
functionalities 
Acrylamide initiated from both ends of VA-086, contains active azo functionalities, 
which can be used as initiator for the polymerisation of other vinyl monomers. 
Acrylonitrile was polymerised using PAM containing azo-functionalieties in the 
backbone (T4) as initiator. The mechanism of the polymerisation of acrylonitrile 
initiated from polyacrylamide containing azo-group is illustrated in Fig. 67. 
 
Fig. 67 The mechanism of the acrylonitrile polymerisation initiated by PAM with 
incorporated azo-groups 
 
Due to insolubility of polyacrylonitrile (PAN) in water, the synthesised acrylonitrile-
acrylamide copolymer precipitated from the solution in the form of a very fine white 
powder. For comparison, acrylonitrile in the presence VA-086 azoinitiator and 
acrylonitrile without any initiator was subjected to the same polymerisation 
condition. Polyacrylonitrile produced by normal free radical polymerisation initiated 
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using VA-086 precipitated as yellow powder, while pure acrylonitrile did not 
polymerise within the time of the experiment (Fig. 68). 
 
 
Fig. 68 The polymerisation of acrylonitrile initiated using 1) PAM with incorporated 
azo functionalities as initiator 2) VA-086 and 3) acrylonitrile in H2O without an 
initiator 
 
The solubility of the poly(acrylamide-co-acrylonitrile) was tested. Poly(acrylamide-
co-acrylonitrile) was soluble in dimethyl sulfoxide (DMSO), which is also a solvent 
for pure polyacrylonitrile, but it did not dissolve in any solvents for pure 
polyacrylamide, such as water, formamide or ethylene glycol. 
The number of chain scissions (Ns) of the backbone of PAM caused by the 
degradation of temperature labile azo functionalities was also calculated using 
equation 6. Based on the initial molecular weight of the PAM containing azo 
functionalities in the backbone (400 kDa) and that of the degraded polymer after 
heating for 15 h at 85ºC in the presence of hydroquinone (189 kDa), the number of 
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chain scissions was calculated and was found to be on average 1.1. According to the 
H1-NMR spectrum of T4, however, on average eight thermally cleavable azo groups 
are available per single molecular chain. On the basis of this fact and possibility of 
both unimolecular and bimolecular termination, a mixture of BA-, BAB-, and 
BABAB-poly(acrylamide-co-acrylonitrile) block copolymers is very likely. 
The H1-NMR spectra of polyacrylonitrile and poly(acrylamide-co-acrylonitrile) 
synthesised using polyacrylamide with thermo-sensitive azo groups in the backbone 
are shown in Fig. 70 and 71, respectively. The H1-NMR spectrum of the copolymer 
shows peaks for methylene (D) and methine (B) protons characteristic for PAM at 
1.39 ppm and at 2.09 ppm, respectively. The methylene protons of polyacrylonitrile 
(B) overlapped with the methine protons of polyacrylamide (C) at 2.09 ppm, whereas 
the characteristic methine protons of polyacrylonitrile (A) can be clearly seen as a 
quite broad peak at 3.15 ppm. 
 
 
Fig. 69 Chemical structure of poly(acrylamide-co-acrylonitrile) 
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Fig. 70 H1-NMR spectrum of polyacrylonitrile in d6-DMSO 
 
Fig. 71 H1-NMR spectrum of poly(acrylamide-co-acrylonitrile) in d6-DMSO 
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The presence of peaks of both PAM and PAN in the H1-NMR spectrum (Fig 71) 
proves that poly(acrylamide-co-acrylonitrile) was indeed synthesised; thus it again 
confirms that polyacrylamide used for copolymerisation contained covalently 
incorporated azo groups in the backbone. 
 
5.2.6 Degradation behaviour of PAM containing azo groups in the 
backbone 
Azo functionalities upon heating release nitrogen and create two radicals. Radicals 
formed during thermolysis in the presence of free radical polymerisable monomers 
can either initiate polymerisation or recombine. The purpose of the studied polymers 
however, is to degrade and form lower fractions of that polymer leading to a reduced 
viscosity and quick partitioning in the water phase. The influence of the 
concentration of PAM containing azo functionalities on the degradation behaviour of 
the polymer was studied. Different concentrations of polyacrylamide containing azo 
functionalities, ranging from 35 ppm to 500 ppm were prepared and then heated at 
86°C for 11 days. The Molecular weight of the polymer was measured using GPC. 
The obtained results are tabulated in Table 13 and plotted in Fig 72. It can be seen 
that at low concentrations, up to 110 ppm, polyacrylamide degrades to a much  
lower molecular weight without the need of adding any radical scavengers.  
However, when the polymer concentration increases, even after heating for extended 
periods of time, only little change in molecular weight was observed. At higher 
concentrations of polyacrylamide in solution, the polymer chains are close to each 
other and, therefore, once the radicals are formed without a presence of inhibitors, 
they possibly recombine with each other.  
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Concentration of T2 
[ppm] 
Mw after 20 h 
[kDa] 
Mw after 90 h 
[kDa] 
Mw after 270 h 
[kDa] 
35 200 57 45 
57 640 213 185 
110 660 220 200 
350 2,640 2,370 2,290 
500 2,780 2,620 2,530 
Table 13: Weight average molecular weight (Mw) of different solutions 
concentration of polyacrylamide containing azo functionalities after heating at 86°C 
for 20 h, 90 h and 270 h (T2) 
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Fig. 72 The effect of solutions concentration of polyacrylamide containing azo 
functionalities on change of weight average molecular weight (Mw) with time (T2) 
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From the performed experiment it was clear that when higher concentrations of 
polyacrylamide with azo functionalities in the backbone are being used, inhibitors 
should be added to the solution in order to scavenge the thermally created radicals. 
200 ppm of hydroquinone was added to the 750 ppm solution of polyacrylamide 
containing azo groups. Fig. 73 shows the response of the RI detector of 750 ppm 
solution of polyacrylamide containing azo groups before and after subjecting it to  
a temperature of 86ºC in the presence of 200 ppm of hydroquinone. The higher 
response of the detector and an increase of the elution time were due to the cleavage 
of the temperature sensitive azo groups in the polymer backbone. Because VA-086 
contains hydroxyl groups on both ends, the polymerisation of acrylamide was most 
likely initiated from both sides of the reducing agent, allowing for incorporation  
at least one azo group into the polymer. The number of azo groups in the backbone 
and hence the molecular weight of the polymer after degradation depends on the 
termination step of the polymerisation. In case of bimolecular termination one 
expects at least two azo groups in the polymer backbone, whereas in case of 
disproportionation or unimolecular termination only one azo group would be 
incorporated. Peak molecular weight Mp and weight average molecular weight Mw 
calculated from the response of all detectors of the GPC system of PAM containing 
azo functionalities during the degradation process are tabulated in Table 14. 
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Table 14: Peak molecular weight (Mp), weight average molecular weight (Mw) and 
percentage degradation based on Mp of the polymer containing azo functionalities in 
the backbone (T2) after heating for 70 h, 162 h, 260 h, 330 h 
 
The Mp of the polymer before degradation was around 4,400 kDa. In the first 70 h 
Mp decreased to 600 kDa, which was about 14% of the original polymer molecular 
weight. Over the next 270 h the molecular weight of the PAM with azo groups in the 
backbone decreased further, but at a lower rate, and stabilized when Mp of the 
polymer reached 260 kDa (about 6% of the original molecular weight of the 
polymer). The systematic decrease of the polydispersity of the degraded polymer 
implies random scission of the polymer backbone.  
Time 
[h] 
Mp 
[kDa] 
Mw  
[kDa] 
PDI Percentage degradation 
[%] 
0 4,430 2850 3.26 --- 
70 600 650 3.04 86 
162 480 500 2.89 89 
260 270 300 2.19 93 
330 260 250 2.20 94 
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Fig. 73 GPC chromatograms of PAM containing azo groups before and after being 
subjected to 86ºC for various times (T2) 
 
From the result of the degradation it can be assumed that on average the spacing 
between weak links for the T2 was about 250 kDa. On the basis of weight-average 
molecular weight of the polymer before degradation and after, it was calculated that 
the number of chain scissions in the polymer backbone was around 11. Hence, it was 
assumed that at least 11 weak links were successfully built in to the PAM backbone. 
However, the amount of 2,2-azobis-[2-methyl-N-(2-hydroxyethyl)propionamide], 
calculated for the same polymer, from the H1-NMR spectrum (Table 12) implies that 
17 labile azo-functionalities were built into the polymer backbone. This discrepancy 
can be caused either by an error due to very small intensity of the peaks from  
2,2-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] or the recombination of some 
radicals, which would affect the molecular weight of the polymer after degradation.  
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It was also attempted to characterise the degradation products by H1-NMR; the 
results, which can be found in Fig. 74 and 75 broadly confirm the conclusions stated 
above.  
 
Fig. 74 H1-NMR spectrum of polyacrylamide containing azo functionalities in the 
backbone (T2) after heating for 170 h at 86°C in the presence of hydroquinone 
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Fig. 75 The chemical structure of a) polyacrylamide containing VA-086 in the 
backbone b) polyacrylamide containing VA-086 in the backbone after heating for 
170 h at 86ºC with addition of hydroquinone 
 
In Fig. 74 all the characteristic protons for 2,2’-azobis[2-methyl-N-(2-
hydroxyethyl)propionamide] can be assigned. In the range of 3.52 - 3.57 ppm and 
3.10 - 3.35 ppm, methylene protons C and B can be distinguished. The usually strong 
singlet from methyl protons A still can be observed at 1.06 ppm, however, there is 
another singlet A’ at 1.25 ppm, which is most likely deshielded by being next to the 
oxygen from hydroquinone. 
The degradation behaviour of PAM containing azo groups in the backbone was 
confirmed by repeating the synthesis of the tested polymer (T2) and subjecting it to 
the same degradation conditions. As expected, the same degradation behaviour was 
observed. Additionally, these results were compared with degradation behaviour of 
PAM produced by redox initiation from PEG, which was also incubated at 86ºC for 
330 h. In Fig. 76 the response of the RI detector of polyacrylamide produced by 
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initiation from PEG/Ce4+ redox couple as synthesised is compared to the same 
polymer after it was incubated at 86ºC for 330 h. It was found that the molecular 
weight of this polymer changed slightly from Mp 3200 kDa to 2700 kDa. According 
to Kulicke et al. [221, 222] this, however, could be related to conformational changes 
of the polyacrylamide chains rather than cleavage of the polymer backbone. 
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Fig. 76 GPC chromatograms of PAM produced by initiation from PEG/Ce(IV) redox 
couple before and after incubating it at 86ºC for 330 h 
 
The effect of room temperature (RT) on the stability of PAM containing azo groups 
in the polymer backbone was also verified. After synthesis and purification, all 
polymers with azo functionalities in their backbone were stored in the fridge at a 
temperature of 4ºC. A small sample of T2 was also stored at the room temperature in 
the dark and its molecular weight was re-measured after 6 months. The response of 
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the RI detector of polyacrylamide containing azo functionalities in the backbone as 
synthesised and after storing at RT is shown in Fig. 77. 
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Fig. 77 GPC chromatograms of PAM with incorporated azo functionalities in the 
polymer backbone measured just after synthesis and after storing at room 
temperature for 6 mnth (T2) 
 
According to the GPC results Mw of the polyacrylamide with incorporated azo 
functionalities in the backbone decreased over the period of 6 months from 2,850 
kDa to 1,840 kDa, whereas when compared to the sample stored in the fridge the Mw 
of the polymer changed only slightly to 2,790 kDa.  
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5.2.7 Ability of PAM containing azo-groups in their backbone to reduce 
turbulent drag 
The influence of the concentration of PAM containing azo groups in the backbone on 
the drag reduction of water solutions was studied and compared to the results 
obtained for PAM synthesised by redox initiation from PEG. For both polymers the 
percentage of drag reduction increased with increasing concentration levelling off at 
300 ppm; both polymers follow the same trend (Fig. 77). Turbulent drag was reduced 
by about 30% even at polymer concentrations as low as 25 ppm. A further increase 
in the concentration of the PAM containing azo groups enabled to reduce the drag up 
to 56%, while PAM with a molecular weight of 3200 kDa reduces the drag by 55%. 
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Fig. 78 Percentage drag reduction as a function of polymer concentration for PAM 
synthesised by initiation from PEG and PAM with azo groups built in the polymer 
backbone (T2) 
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Since the a polymer should have a molecular weight above 500 kDa to have  
drag reducing properties, the ability of PAM containing azo groups to reduce 
turbulent drag should diminish or disappear after exposure to high temperature.  
The investigated PAM solutions were subjected to a temperature of 86ºC. After  
170 h at 86ºC, these solutions were tested for the second time for their ability to 
reduce drag using exactly the same procedure as before. As expected for such a 
significant decrease of the molecular weight of the polymer, the percent of the drag 
reduction decreased from 56% DR to 1% DR. The control experiment, using PAM 
synthesised by initiation from the PEG/Ce(IV) redox pair, was carried out in order to 
test the DR behaviour of PAM without containing weak, temperature sensitive links 
in the backbone once subjected to the same conditions (86ºC for 170 h). A negligible 
decrease in drag reducing abilities of PAM without azo groups in the backbone was 
observed; the drag reduction ability for 500 ppm concentration dropped from 53% ± 
1.6% to 50% ± 0.8% after exposure to 86ºC. 
 
5.3 Summary 
Azo functional groups were successfully incorporated into the polyacrylamide 
backbone by redox polymerisation using water-soluble azo initiator  
2,2’ azobis[2-methyl-(2-hydroxyethyl) propionamide] (VA-086) as a reducing agent 
and Ce (IV) as oxidising ion. H1-NMR spectra of the synthesised polymers confirm 
the presence of azo functionalities in the polymer backbone. This result was 
supported by DSC where an exothermic peak from the degradation of azo groups can 
be observed in the PAM containing temperature labile azo groups in their backbone. 
The synthesised PAM containing azo groups in the backbone was used as an initiator 
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for the free radical polymerisation of acrylonitrile, which resulted in the synthesis of 
poly(acrylamide-b-acrylonitrile). This also proved that active azo groups were 
incorporated into the PAM backbone. PAM with temperature-sensitive azo groups in 
the backbone can degrade when subjected to a temperature above the degradation 
temperature of azo groups; in this case 86ºC. A significant decrease of the molecular 
weight of PAM containing temperature sensitive azo groups in the backbone from 
4,430 kDa to 260 kDa and very little change in the molecular weight of PAM 
synthesised by redox initiation from PEG was observed, after subjecting both 
polymers to 86ºC. Drag reduction tests carried out for the PAM with and without 
built in azo groups proved that this polymer synthesised by redox polymerisation is a 
useful drag reducing agent. It has been also shown that after exposure to 86ºC the 
polymer loses its drag reducing ability, whereas PAM without azo groups retains 
almost the same drag reducing properties. This experiment proves once again the 
effectiveness of redox polymerisation in incorporating degradable groups into 
polymer backbone. Since azo groups are temperature labile, one could have expected 
that the analysed polymers might have temperature dependant shelf-life. The PAM 
containing weak links loses its drag reducing properties with increasing degradation 
of the polymer. 
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6: Preliminary results on incorporation of  
L-cystine into the backbone of polyacrylamie 
 
6.1 Introduction 
Following the successful work on incorporating azo groups into the polyacrylamide 
backbone by using water soluble difunctional azo initiators as a reducing agent,  
L-cystine containing a disulfide bond together with Ce4+ was utilized as a redox 
couple to initiate polymerisation of acrylamide. Azo groups as an example of 
temperature labile groups were an excellent choice for the intended application of the 
designed polymers. However, there is a concern about the shelf-life of polymers with 
incorporated azo groups when stored for longer period of time at slightly higher 
temperatures. The disulfide group is normally stable in aqueous solutions; however, 
upon addition of the reducing agent it can be reduced to thiols by cleavage of the 
bond between sulfurs. The redox potential of disulfides R-S-S-R’, depends on the 
type of the substitutents R and R’, hence the polymers with disulfide groups can be 
designed to be reduced/degraded at a desired rate only under specific  
conditions [169, 223, 224]. Therefore, polymeric disulfides could be stored for long 
periods of time, and then used and degraded when needed. 
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6.2.1 Synthesis of PAM initiated by redox initiation from L-cystine 
Polymerisation of acrylamide initiated from L-cystine is likely to proceed via 
formation of free radicals on the reducing agent – L-cystine as a result of the redox 
reaction between a reducing agent and an oxidizing ion. The proposed mechanism is 
illustrated in Fig. 79. 
 
 
Fig. 79 Mechanism of polymerisation of acrylamide initiated using the  
L-cystine/Ce(IV) redox couple 
 
The product obtained as a result of redox polymerisation of acrylamide initiated from 
the redox couple L-cystine/Ce(IV) was studied using H1-NMR. Spectra of 
polyacrylamide produced by intiation from L-cystine (Fig. 81) and pure L-cystine 
(Fig. 80) are presented. In the H1-NMR spectrum of L-cystine in D2O three sets of 
multiplets were identified. The methylene protons of CH2 next to the disulfide group 
appear as two multiplets in the range of 3.05 – 3.30 ppm as a result of molecular 
chirality. Protons B neighbouring the carboxylic groups can be observed as a peak in 
the region of 3.99 - 4.04 ppm. From the assumed polymerisation mechanism  
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(Fig. 79) it can be noticed that chemical environment of the protons B changes once 
L-cystein was incorporated into polymer backbone hence only multiplets in the 
region of 2.98 – 3.12 ppm can be found. Strong peaks seen in the range 1.3 - 1.8 ppm 
and 2.0-2.4 ppm correspond to the protons of the methylene (D) and methine  
(C) groups of PAM. 
 
Fig. 80 H1- NMR spectrum of L-cystine in D2O 
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Fig. 81 H1- NMR spectrum of PAM produced by redox initiation from L-cystine  
in D2O 
 
 
 
Fig. 82 Chemical structure of a) L-cystine and b) PAM produced by redox initiation 
from L-cystine 
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6.2.2 Degradation of polyacrylamide containing L-cystine 
Relative viscosity measurements were chosen to monitor the degradation of 
polyacrylamide produced by redox initiation from L-cystine, in the presence of the 
reducing agent: DL-threitol. The reduction of the disulfide bonds using DL-threitol 
can be complete within minutes, thus the choice of simple viscometer seemed to be 
the best way to observe the changes of the viscosity, which are directly related to the 
molecular weight. An evident decrease in relative viscosity was observed only during 
first hour. 
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Fig. 83 Relative viscosity of the PAM containing L-cystine after addition of  
DL-threitol 
 
The molecular weight of the polyacrylamide initiated from L-cystine was examined 
using GPC analysis before and after adding DL-threitol. Weight average molecular 
weight Mw of the polymer changed from 170 kDa to 100 kDa suggesting that only 
one L-cysteine was built in the polymer backbone in this case. 
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6.3 Summary 
L-Cystine was successfully used as a reducing agent to initiate redox polymerisation 
of acrylamide. The H1-NMR spectra confirmed a presence of the disulfide bonds in 
the polyacrylamide backbone. Relative viscosity measurements showed that viscosity 
of the polyacrylamide produced by initiation from L-cystine/Ce4+ couple decreased 
when a reducing agent for disulfides, such as DL-threitol was added to the analysed 
polymer sample, which was confirmed by GPC data. The weight average molecular 
weight Mw of the polyacrylamide with disulfide bonds in the backbone decreased, 
however it changed only from 170 kDa to 100 kDa suggesting that only one L-
cysteine was built into the polymer backbone in this case. Unfortunately, the 
solubility of L-cystine in water is very low, and even though it increases in acidic 
pH, it is still rather poor (up to 0.017 mol/dm3) [225]. Low solubility of L-cystine 
might have an impact on the number of links incorporated into the polymer 
backbone. However, more studies need to be done to come to the final conclusion. 
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7: Conclusions and future work 
The aim of this project was to develop an easy and cost efficient method to 
synthesise very high molecular weight water soluble polymers, which could degrade 
when exposed to different stimuli, such as pH, temperature or reducing agent.  
A simple one-pot redox polymerisation method was developed to incorporate 
degradable groups into the backbone of vinyl polymers. 
 
7.1 Summary of the results 
At first triblock copolymers poly(lactic acid)/poly(ethylene glycol)/poly(lactic acid) 
were utilised together with ceric ammonium nitrate as a redox couple to initiate 
polymerisation of acrylamide. Triblock copolymers used as reducing agents varied in 
length of hydrophilic (PEG) and hydrophobic part (PLA). Results showed that both 
PLA288/PEG2000/PLA288, and PLA288/PEG8000/PLA288, with the short PLA repeating 
units, initiated the polymerisation of acrylamide effectively, and after two hours of 
polymerisation, the polymerisation mixture was very viscous and transparent. 
However, when PLA2000/PEG10000/PLA2000 was used, the polymerisation mixture was 
still yellow and had very low viscosity. The polymerisation was followed by  
H1-NMR analysis of the synthesised polymer and the degradation studies. Based on 
the obtained results it was concluded that triblock copolymers used as reducing 
agents undergo accelerated degradation in acidic aqueous polymerisation mixture.  
To confirm this assumption PLA288/PEG2000/PLA288 and PLA2000/PEG10000/PLA2000 
were exposed to the equivalent of the conditions under which acrylamide was 
initiated from PLA/PEG/PLA and their H1-NMR spectra were recorded before and 
after the test. The results confirmed the degradation of the used reducing agents 
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during the course of the polymerisation, which would explain why the 
polyacrylamide obtained as a result of redox initiation, using the redox couple 
PLA/PEG/PLA/Ce(IV), did not degrade once subjected to the acidic aqueous 
solution. 
 
The next reducing agent studied in this work was polycaprolactone diol, which 
according to the literature, even when in solution, degrades slower  
than poly(lactic acid). Polycaprolactone diol however, is water insoluble, therefore 
micellar polymerisation with SDS as a surface active agent was utilised to solubilise 
polycaprolactone diol into water. The FT-IR and H1-NMR results of polyacrylamide 
obtained as a result of micellar polymerisation of acrylamide initiated from a 
polycaprolactone diol/Ce(IV) redox pair indicated that the method was successful in 
synthesising block copolymers poly(acrylamide-co-caprolactone)s. This was also 
confirmed by the fact that oil in water emulsions were stabilised using the 
synthesised copolymers, proving their amphiphilic character. As in the case of 
PLA/PEG/PLA, polyacrylamide produced by redox initiation from polycaprolactone 
diol did not demonstrate significant molecular weight changes when it was incubated 
at pH 11 at 30ºC for three days. It is expected that the obtained polymers have most 
likely a diblock structure, which could come in agreement with the H1-NMR results 
and weight average molecular weight of the obtained polymers. The hydrophobic 
character of the reducing agent hindered an access of ceric ions and acrylamide to 
carbons with hydroxyl groups, which could be a reason why the polymerisation did 
not initiate from both ends of used polycaprolactone diols.  
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Azo groups as a labile link were chosen as a consequence of the results obtained 
when PLA/PEG/PLA and PCL diol were used as reducing agents. Since redox 
polymerisations are carried out in aqueous solution, an effective reducing agent 
should be hydrolytically stable but also easily soluble in water. Azo compounds are 
hydrolytically sable, but are temperature labile and therefore seemed to be  
the right choice for intended application. Using 2,2'-azobis[2-methyl-N-(2-
hydroxyethyl)propionamide] as a reducing agent and Ce(IV) as an oxidising ion, azo 
functional groups were successfully incorporated into the polyacrylamide backbone. 
The H1-NMR spectra of the synthesised polymers confirm the presence of azo 
functionalities in the polyacrylamide. Based on the H1-NMR spectra and the weight 
average molecular weight of the obtained polymers, the number of azo group in the 
polyacrylamide backbone was calculated. Having a number of azo groups in the 
polyacrylamide backbone, the influence of ceric ions and the reducing agent 
concentration could have been established. It was observed that with increasing 
concentration of ceric ions the number of azo groups in the polymer backbone 
decreased, whereas the opposite effect was observed when the concentration of the 
reducing agent increased. The presence of azo groups in the polyacrylamide 
backbone was also supported by the DSC results and by the fact that PAM 
containing azo groups in the backbone could be utilised as a water soluble initiator 
for the free radical polymerisation of acrylonitrile. The presence of active azo groups 
in the polacrylamide backbone enabled its degradation when subjected to elevated 
temperatures. A temperature of 86ºC was used as it is a 10 h half-life time for  
2,2'-azobis[2-methyl-N-(2-hydroxyethyl)propionamide]. A significant decrease of 
the molecular weight of PAM containing temperature sensitive azo groups in the 
backbone, from 4,430 kDa to 260 kDa, and very little change in the molecular weight 
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of PAM synthesised by initiation from PEG was observed, after subjecting both 
polymers to 86ºC for 330 h. Since the polymers were designed to be used as drag 
reducing agent, a drag reduction tests were performed. The results for the PAM with 
azo functionalities incorporated in the backbone were compared to the PAM 
synthesised by initiation from PEG, proving that it can be used as drag reducing 
agent. It has been also shown that after exposure to 86ºC the polyacrylamide with 
incorporated azo groups loses its drag reducing properties. The synthesized PAM 
with azo functionalities in the backbone might have temperature dependant shelve 
life as shown by GPC data of the polymer as synthesised and stored at room 
temperature in the dark for 6 months. Therefore, it should be kept in mind that with 
increasing degradation of the polymer its drag reducing properties will slowly 
diminish. 
L-cystine, containing disulfide bonds, was also tested as a reducing agent. Disulfide 
bonds would provide stability to the system until a reducing agent would be added to 
the polymer solution. For this reason polymeric disulfides could be an answer to the 
system where the product needs to be stored for long periods of time, before being 
used, but the polymer can still be degraded when needed. According to the H1-NMR 
spectrum of the polyacrylamide synthesized by initiation from the L-cystine/Ce(IV) 
redox couple, disulfide bonds were successfully incorporated into the polymer 
backbone. Relative viscosity measurements showed that viscosity of polyacrylamide 
with incorporated L-cystine decreased when the reducing agent for disulfides  
DL-threitol was added to the analyzed polymer sample, which was confirmed by 
GPC data. The weight average molecular weight Mw of the polyacrylamide with 
disulfide bonds in the backbone decreased; however it changed only from 170 kDa to 
100 kDa suggesting that only one L-cysteine was built in the polymer backbone in 
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this case. From the obtained results it is clear that redox reaction between a reducing 
agent and an oxidising metal ion can be used to initiate polymerisation of vinyl 
monomers, nevertheless not all the studied systems proved to be equally successful 
in incorporating multiple degradable groups into the polymer backbone.  
 
7.1 Future work 
The work presented in this thesis was focused on identifying a feasible route to 
synthesise water soluble high molecular weight degradable polymers. The redox 
polymerisation proved to be a viable method to incorporate degradable groups into 
the backbone of vinyl polymers, however there is still a number of actions which 
could be taken in order to fully characterise developed systems. The following 
actions are recommended to improve the devised polymerisation methods: 
 
Polyacrylamide containing azo functionalities 
• Incorporation of higher number of azo-links into the polyacrylamide 
backbone 
Considering the intended application of the studied polyacrylamide, 
incorporating of higher number of degradable groups would be very 
advantageous. The lower the molecular fraction of the degraded polymer the 
faster the partitioning of these fractions into the water phase should be and 
lower likelihood of their adsorption onto a reservoir formation. It was shown 
in this study that increasing the amount of reducing agent to initiate 
polymerisation combined with decreasing the amount of oxidising ion allows 
to increase the number of azo groups incorporated into the polymer 
backbone. At the same time however, with increasing amount of reducing 
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agent the molecular weight of the obtained polymer decreases. It would be 
advised to optimise the ratio of reducing agent/oxidising ion to produce high 
molecular weight polyacrylamide with a high content of azo groups in the 
backbone. 
 
• Synthesis of polyacrylamide with higher molecular weight  
Knowing that drag reducing properties of the polymer improve with 
increasing molecular weight the synthesis of polyacrylamide with as high as 
possible molecular weight should be addressed. The water in oil emulsion 
polymerisation is recommended as preferable method to obtain high 
molecular weight polymers at rapid reaction rates. 
 
• Measurement of polymer adsorption on silica 
It was verified that once the polymer containing azo functionalities in the 
backbone is subjected to elevated temperatures it degrades into smaller 
fractions and loses its drag reducing properties. It would be worthwhile to test 
if obtained smaller polymer fractions are less likely to adsorb than the 
polyacrylamide before the degradation. The experiment could be carried 
using a Quartz Crystal Microbalance. 
 
• Study of the influence of various temperatures on the polymer shelf-life  
It was shown that PAM with azo functionalities in the backbone might have 
temperature dependant shelf-life. Since degradation of the polymer affects 
significantly its drag reducing properties it would be beneficial to study the 
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effect of various temperatures on the polymer shelf-life and how it would 
affect polymer drag reducing properties. 
 
• Scaling up the polymerisation process 
In order to investigate if the redox polymerisation of acrylamide initiated 
from 2,2'-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] could be used 
on the industrial scale, the scaling up protocol should be developed. 
 
Incorporation of disulfide bonds into polyacrylamide backbone 
• Increasing the amount L-cystine incorporated in the polymer backbone 
It was presented in the chapter 6 that L-cystine can be used as a reducing 
agent to initiate polymerisation of acrylamide, however only one L-cystine 
was incorporated per polymer chain. Low solubility of L-cystine could be an 
explanation. It would be a worthwhile to investigate it further and try to 
increase the solubility of L-cystine by the addition of salt or by increasing the 
temperature. 
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